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1.   INTRODUCTION 

The  design  of  a  network  with  NOR  or  NAND  gates  is  one  of  the 
most  important  problems  in  the  field  of  logical  design  because  most  of 
the  basic  gates  of  bipolar  transistor  integrated  circuits,  such  as  DTL, 
TTL,  and  ECL,  realize  NOR  or  NAND  gates.   Many  papers  have  been  published 
on  the  synthesis  problems  of  networks  with  NOR  or  NAND  gates  using 
different  approaches.   These  may  be  classified  into  five  groups  as 
follows : 

a)  Boolean  algebra  methods  (e.g.,  [9])« 

Exhaustive  method  [10]. 

Integer  programming  and  branch-and-bound  methods  [11]  [12]. 

Network  transformation  methods  (e.g.,  [13]  [1^]). 

Network  transduction  procedures  [1]  [2]  [3]  [h]    [5]  [8]. 
Each  method  has  different  advantages  and  disadvantages.   The 
boolean  algebra  methods  are  relatively  easy  to  use  but  the  results  are 
not  necessary  optimal  networks  if  certain  restrictions  such  as  maximum 
fan-in  are  imposed.   The  exhaustive  method,  in  general,  gives  an  optimal 
network,  but  it  takes  excessive  calculation  time  even  for  small  networks. 
Therefore,  it  is  applicable  only  to  networks  of  very  few  gates.   The 
integer  programming  and  branch-and-bound  methods  also  give  an  optimal 
network  within  much  shorter  time  than  the  exhaustive  method.   This  method 
is,  however,  too  time-consuming  if  the  number  of  gates  approximately 
exceeds  ten.   The  network  transformation  methods  transform  the  network, 


designed  by  some  conventional  methods  such  as  Boolean  algebra  methods, 
into  a  simpler  one  by  reducing  the  number  of  gates  and  connections, 
based  on  certain  algebraic  properties.   But  the  applicability  of  the 
network  transformation  methods  is  limited,  since  they  employ  only 
superficial  properties  of  gates  and/or  network  configurations  and 
usually  concern  only  an  individual  gate  and  its  connections. 

Recently,  the  network  transduction  procedures  have  been  studied 
by  the  research  group  led  by  Professor  S.  Muroga  of  the  Department  of 
Computer  Science  at  the  University  of  Illinois.   The  network  transduction 
procedures  also  transform  the  network,  designed  by  some  conventional 
methods.  But  unlike  the  transformation  methods,  these  procedures  are 
used  on  the  powerful  concept  of  the  compatible  set  of  permissible 
functions  [1]  [2]  [3]  in  removing  gates  and  connections  from  a  network. 
The  procedure  considers  every  gate  and  external  variable  in  the  network, 
starting  from  the  output  gate(s)  toward  the  network  inputs.   This  more 
complete  consideration  by  the  transduction  procedures  generally  results 
in  greater  reduction  in  the  numbers  of  gates  than  can  be  obtained  by  the 
transformation  methods.   These  two  methods  require  much  less  calculation 
time  than  the  integer  programming  and  branch-and-bound  methods,  but  the 
optimality  of  transformed  networks  cannot  be  guaranteed.   Several  computer 
programs  for  designing  NOR-gate  networks  by  the  transduction  procedures 
have  been  implemented  [2]  [3]  [k-]    [5]  [8].   Such  programs  are  known  as 
"transduction  programs".   The  name  of  these  transduction  programs  always 
begins  with  NETTRA  (NETwork  TRAnsduction)  which  designates  the  whole 
collection  of  programs  realizing  network  transduction  procedures.  All 
NETTRA  programs  (transduction  programs)  either  transform  or  assist  in 
transforming  networks  of  NOR  gates.   The  procedures  either  add  or  remove 


gates  and  connections,  and  at  the  same  time,  they  replace  the 
connections  of  an  output  of  some  particular  gate  to  other  gates  with 
the  outputs  of  other  existing  gates  and/or  external  variables  in  the 
networks.   By  means  of  transduction,  a  large  non-optimal  network 
realizing  one  or  more  functions  can  often  be  reduced  to  a  smaller, 
less  expensive  (in  terms  of  the  number  of  gates,  first,  and  connections, 
second),  near-optimal  network  which  realizes  the  same  function(s).   In 
general,  such  a  transduction  could  involve  a  complete  reorganizing  of 
the  network.   The  transduction  programs  that  have  been  developed  so  far 
could  be  divided  into  three  groups,  according  to  their  capabilities. 

a)  Prunning  Procedures.   They  are  a  type  of  transduction 
procedures  which  remove  only  connections.   The  program  realized  by  such 
procedures  is  designated  "NETTBA-P" . 

b)  General  Procedures.   The  name  indicates  a  general  type  of 
transduction  procedures  which  either  add  or  remove  connections  in  a 
network.  We  call  the  program  realized  by  such  procedures  "NETTRA-G" . 

c)  Error  Compensation  Procedure.   This  procedure  is  the  error 
compensation  type  [8].  We  call  the  programs  realized  in  this  group 
"NETTRA-E" . 

Even  though  the  optimality  of  networks  derived  by  the  trans- 
duction procedures  cannot  be  guaranteed,  they  are,  in  general,  reasonably 
good.   They  take  much  less  calculation  time  than  any  other  methods 
especially  when  the  networks  contain  many  gates  and  connections.  Because 
of  the  advantage  that  they  can  handle  networks  with  many  gates  and 
connections  when  optimal  networks  are  not  required  (in  most  practical 
cases),  the  logical  design  of  networks  by  the  transduction  procedures  is 
very  effective  from  practical  point  of  view. 


In  this  paper,  the  two  NOR-network  transduction  procedures  — 
"merging  of  gates"  and  "substitution  of  gates"  —  will  be  discussed 
under  fan-in  and  fan-out  restrictions.   They  have  been  originally  studied 
and  implemented  into  the  computer  programs  called  "NETTRA.-G3"  and 
"NETTRA-PG1"  by  J.  Culliney  and  H.  C.  Lai  [k]    [5 J.   These  original 
programs  try  to  reduce  only  the  number  of  gates  and  connections  without 
considering  fan-in  and  fan-out  restrictions  on  gates  and  external 
variables  in  the  network.   Since  the  logical  design  of  networks  under 
fan-in  and  fan-out  restrictions  is  very  important  from  the  viewpoint  of 
design  practice,  it  is  desirable  to  obtain  a  network  with  as  few  gates 
and  connections  as  possible  under  fan-in  and  fan-out  restrictions. 

This  paper  will  present  the  modified  computer  algorithms  of 
the  two  network  transduction  procedures  —  "merging  of  gates"  and 
"substitution  of  gates"  ~  in  the  programs  NETTRA-G3  and  METTRA-PG1  in 
such  a  way  that  they  can  handle  fan-in  and  fan-out  restricted  networks. 
The  discussion  in  this  paper  will  be  concentrated  only  on  the  modification 
of  these  two  programs.   The  idea  in  the  modification  is  quite  simple 
because  we  only  have  to  keep  track  of  the  number  of  fan-in  and  fan-out 
of  gates  or  external  variables  during  the  transduction  procedures  so 
that  they  will  not  exceed  the  specified  limits.   The  reader  is  assumed 
to  have  a  knowledge  of  the  concept  of  compatible  set  of  permissible 
functions  (CSPF's)  contained  in  [1]  [2]  [3],  which  is  the  basis  of  our 
network  transductions  discussed  in  this  paper. 

The  following  is  the  contents  of  this  paper.   The  original 
program  NETTM-G3  will  be  discussed  in  section  2.1.   The  modified  program 
called  WETTRA-G3-FIF0  will  be  discussed  in  detail  in  section  2.2.   The 
suffix  "FIFO"  is  used  to  represent  the  modification  with  which  the  program 


can  handle  fan-in  (i.e.,  Fl)  and  fan-out  (i.e.,  FO)  restricted  networks. 
The  program  NETTRA.-G3-FIF0  has  three  different  versions,  each  of  which 
has  different  modifications.  These  versions  will  be  discussed  in 
section  2.3«   In  section  2.k,    the  results  of  the  experiment  to  determine 
the  effectiveness  of  these  three  versions  will  be  given.   In  section  3.1, 
the  original  program  NETTRA-FG1  will  be  discussed.   The  modified  program 
NETTRA-PG1-FIF0,  which  can  handle  fan-in  and  fan-out  restricted  networks 
will  be  explained  in  detail  in  section  3-2.   This  modified  program  also 
has  three  different  versions  which  will  be  discussed  in  section  3«3«   The 
experimental  results  of  these  versions  will  be  given  in  section  3«^. 

Chapter  k   provides  further  discussion  concerning  the  experimental 
results  of  NETTRA-FG1-FIF0  and  NETTRA-G3-FIF0.   The  results  will  give  a 
general  idea  about  the  effectiveness  of  these  two  procedures  in  terms  of 
computation  time  and  the  cost  of  the  resultant  networks.   In  addition, 
section  k.h   will  give  the  experimental  results  on  networks  with  incompletely 
specified  output  function(s). 


2.   MODIFIED  PROGRAM  NETTRA-G3-FIFO 

2.1  Original  Program  NETTRA-G3 

This  section  will  discuss  the  NOR-network  transduction 
procedure  "merging  of  gates"  realized  by  the  FORTRAN  program  designated 
NETTRA-G3  [3]«   The  program  is  one  of  the  transduction  programs  realizing 
a  general  procedure.   The  program  realizes  a  procedure  which  merges  two 
NOR -gates  at  a  time  into  one.   If  two  gates  in  a  given  network  can  be 
replaced  by  one  gate  with  inputs  from  external  variables  and/or  existing 
gates  not  fed  by  these  two  gates  without  changing  the  function  which  the 
network  realizes,  they  are  said  to  be  mergeable.   The  gate  replacing  those 
two  gates  is  called  the  merged  gate.  An  example  of  the  "merging  of  gates" 
procedure  is  shown  in  Figure  2.1.1.   Suppose  that  gates  I  and  J  are 
mergeable  into  gate  IJ  with  inputs  from  gates  K,  M  and  N  which  are  not 
fed  by  gate  I  or  gate  J  (Figure  2.1.1(a)).   The  procedure  constructs  the 
merged  gate  IJ  with  inputs  from  gates  K,  M,  and  N,  and  removes  gates  I  and 
J  from  the  network.   Then,  it  connects  the  output  of  the  merged  gate  IJ 
to  all  immediate  successors  of  gates  I  and  J  as  shown  in  Figure  2.1.1(b). 
The  resultant  network  still  realizes  the  specified  output  functions  (see 
[3]  for  detail  of  the  procedure). 

The  procedure  realized  by  program  NETTRA-G3  first  examines  every 
pair  of  gates  in  the  network  to  see  if  they  are  mergeable.   For  the  sake 
of  efficiency,  this  procedure  does  not  use  necessary  and  sufficient 
conditions  for  gates  to  be  mergeable.   Instead,  the  concept  of  compatible 
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set  of  permissible  functions  (CSPF's)  is  used  [3]  [5].  The  "merging 
of  gates"  procedure  is  essentially  realized  by  the  FORTRAN  subroutine 
GTMERG.   This  subroutine  along  with  the  following  support  subroutines, 
written  in  FORTRAN  IV  for  IBM  360/75,  constitutes  the  program  NETTPA-G3: 
MAIN,  MINI2,  OUTPUT  and  SUBNET.   Two  system-supplied  timing  subroutines 
STIMEZ  and  KTIMEZ  are  also  assumed  to  be  available.   If  they  are  not, 
their  use  can  be  omitted  from  the  program  without  harming  the  procedure 
itself. 

The  general  organization  of  program  NETTRA-G3  is  shown  in 
Figure  2.1.2.  An  arrow  from  block  i  to  block  J  shows  that  the  subroutine 
represented  by  block  i  calls  the  subroutine  represented  by  block  j.   The 
function  of  subroutine  MENI2  is  to  calculate  compatible  set  of 
permissible  functions  for  all  gates  and  external  variables  in  the 
network.   Subroutine  MINI2  can  also  remove  redundant  connections  and 
this  sometimes  results  in  removing  gates  from  the  network.   For  more 
details  about  MINI2,  the  reader  should  read  [1]  and  [2].   The  functions 
of  other  support  subroutines  are  outlined  as  follows : 

MAIN:   This  subroutine  repeatedly  reads  in  groups  of  input  data 
which  contain  information  about  the  given  network,  i.e.,  the  number  of 
external  variables,  the  number  of  output  functions,  etc.   It  controls 
the  calling  sequence  of  the  other  subroutines  and  finally  prints  out 
the  information  of  the  resultant  networks  by  calling  subroutine  OUTPUT. 

SUBNET:  This  subroutine  may  be  entered  at  three  different 
points  by  a  call  to  either  SUBNET,  UNNECE  or  PVALUE. 

Entry  SUBNET:   It  calculates  the  level  number  of  each  gate  in 
the  network  and  lists  all  immediate  successors  and  immediate  predecessors 
for  each  gate. 


MAIN 

OUTPUT 

GTMERG 

i 

SUBNET 

MINI  2 

STIMEZ 
KTIMEZ 

Figure  2.1.2     General  organization  of  the 
program  NETTM-G3 
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Entry  IMNECE:  It  removes  the  connections  or  gates  which 
constitute  no  path  from  an  external  variable  to  an  output  gate. 

Entry  PVALUE:  It  calculates  the  truth  table  for  the  entire 
network . 

OUTPUT:  This  subroutine  is  to  print  out  the  information 
about  the  network  configurations  of  the  given  initial  network  and  also 
the  resultant  networks. 

Since  the  "merging  of  gates"  procedure  is  essentially  performed 
by  subroutine  GTMERG,  it  is  sufficient  to  discuss  only  this  subroutine 
for  the  program  NETTRA-G3.   The  following  definitions  will  facilitate 
the  discussion  of  the  flow  charts  of  all  subroutines  in  this  paper. 

1.  P(l)  denotes  all  predecessors  of  gate  I. 

2.  IP(l)  denotes  all  immediate  predecessors  of  gate  I. 

3.  S(l)  denotes  all  successors  of  gate  I. 

k.      IS(l)  denotes  all  immediate  successors  of  gate  I. 
5«   f(l)  is  the  vector  representing  the  output  function  of 
gate  or  external  variable  I. 

6.  Gr(l)  is  the  vector  representing  the  CSPF  of  gate  or 


(l)      (2)  (2    ) 

external  variable  I.   It  is  expressed  with  (GJ;   (i),  G^   (i),  ...,  GJ;   (i)) 

In  the  actual  program,  array  "GSMA.LL"  stores  the  CSPF's  of  gates  and 

external  variable  in  the  network. 

7»  N  is  the  number  of  external  variables. 

8.   M  is  the  number  of  output  gates. 

9«  R  is  the  number  of  gates  in  the  network. 

10.  WM  =  N  +  M 

11.  NR  =  N  +  R 

12.  Connectable   function  K(l)   is   defined  as   follows: 
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The  set  K(l)  of  all  connectable  functions  to  gate  I  with 
respect  to  G„(l)  is  expressed  with  vector 

(K(1)(I),  K(2)(I),  K(3)(l),  ...,  K(2N)(I))  • 

where  K^'(l)  =  0  for  all  i  such  that  gJ?\i)   =   1. 

K^(l)  =  *  for  all  other  cases. 


*  denotes  "don't  care",  i.e.,  it  can  he  either  0  or  1.   "i" 

W 
takes  a  value  from  1,  2,  3,  . ..,  2  . 

A  necessary  and  sufficient  condition  that  gate  J  can  be 
"connected"  to  gate  I  is  f(j) e  K(l). 

13.  A  connectahle  set  for  a  merged  gate  IJ  is  the  set  of  gates 
and/or  external  variables  that  can  be  connected  to  the  merged  gate  IJ. 
A  gate  or  an  external  variable  L  is  connectable  to  the  merged  gate  IJ  if, 
and  only  if,  it  satisfies  the  following  conditions. 

(i)  L/S(l)US(j)UIUJ  (condition  for  a  loopless  network) 
(ii)   f(L)eK(lJ) 

If  the  following  is  satisfied,  gates  I  and  J  are  mergeable: 

Vf(L)   €G  (IJ) 
LeCS(lj) 

where  CS(lj)  denotes  the  connectable  set  of  the  merged  gate  IJ  and  G„(lJ) 
is  given  by  Gc(lJ)  =  Gc(l)  fl  &c(j)  /  0. 

The  flow  chart  of  the  original  subroutine  GTMERG  is  given  in 
Figure  2.1.3*   The  procedure  in  this  subroutine  can  be  briefly  described 
as  follows:   (See  [3]  and  [5]  for  the  concept  of  CSPF's  and  the  basic 
transduction  procedure  based  on  it.) 
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c 


START 


} 


CALL  KTJJI2 


I-HM+1 


J-  1  +  1 


1 


CALCULATE  GC(IJ) 
GC(I.T)-GC(I) 

nGc(j). 

DETERMINE  K(U). 


J  =  J  +  1 


YES 


YES 


1  =  1  +  1 


YES 


(        RETURN        J 


CALL  PVALUX 


CALL  UNNECE 


CALL  SUBNET 


DISCONNECT  ALL 

OUTPUTS   OF  GATE 

J  AND  CONNECT  I 

TO  IS(J) 


YES 


I- J 
J- I 


DISCONNECT  ALL 

INPUTS   OF  GATE 

I  AND  CONNECT 

CS(IJ)   TO  I 


Figure  2.1.3  Flow  chart  of  the  original 
subroutine  GTMERG 
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Step  1  Calculation  of  CSPF's 

Call  subroutine  MINI2  to  calculate  CSPF's  for  all  gates  and 
external  variables  in  a  given  network. 
Step  2  Select  a  pair  of  gates 

Select  two  gates  I  and  J  such  that  J  >  I  according  to  the 
ascending  order  of  the  gate  labels.   If  all  possible  pairs  have  been 
considered,  return  to  the  calling  subroutine. 
Step  3  Calculate  the  CSPF  of  a  merged  gate  IJ 

Calculate  Gc(lJ)  =  Gc(l)  fl  G  (j).   If  G  (IJ)  -  0,  gates  I  and 
J  are  not  mergeable.   Go  to  step  2. 

Determine  K(lJ). 
Step  k     Check  substitutability 

If  f(l)eGc(j)  and  l/S(j),  go  to  step  8. 

If  f (J)  e  G  (I)  and  j/S(j),  interchange  the  labels  of  I  and  J 
and  go  to  step  8. 
Step  5  Find  the  connectable  set  (CS(lJ))  for  a  merged  gate  IJ 

Find  the  set  of  existing  gates  or  external  variables  L  such  that 

(i)  L/S(l)  U  S(j)  U  I  U  J 
(ii)   f(L)eK(U) 

The  set  of  such  gates  and/or  external  variables  is  the  connectable 

set  (CS(lJ))  for  the  merged  gates  IJ. 

Step  6  Check  the  realizability  of  merged  gate  IJ 

If   Vf(L)   /G  (IJ),  go  to  step  2. 
LeCS(lJ) 

Step  7  Construct  the  merged  gate 

Disconnect  all  the  inputs  of  gate  I,  and  connect  gates  and/or 

external  variables  in  CS(lj)  to  gate  I. 


IK 

Step  8  Substitution 

Disconnect  all  outputs  of  gate  J,  and  connect  gate  I  to  all 
immediate  successors  of  gate  J.  The  resultant  network  still  realizes 
the  specified  function(s). 
Step  9  Update  information  on  the  new  network 

Call  subroutine  SUBNET  to  update  the  information  on  the 
configuration  of  the  network  (e.g.,  predecessors  list  and  successor 
list).  Go  to  step  1. 

2.2  Modified  Program  NETTRA-G3-FIF0 

This  section  discusses  the  modification  of  the  program 
NETTRA-G3  so  that  it  can  handle  networks  under  the  fan-in  and  fan-out 
restrictions.   The  modified  program  is  called  NETTRA-G3-FIF0  which  is 
one  of  the  transduction  programs  realizing  the  "merging  of  gates" 
procedure.   The  suffix  FIFO  means  that  the  program  implements  the 
procedure  which  can  handle  the  fan-in  (i.e.,  Fl)  and  fan-out  (i.e.,  FO) 
restricted  networks.   Since  the  principal  procedure  in  NETTRA-G3  is 
mainly  performed  by  subroutine  GTMERG,  the  main  modification  of  this 
program  is  necessary  only  in  this  subroutine.   The  following  discussion 
on  the  modified  program  (NETTRA-GJ-FIFO)  will  emphasize  only  the  change 
to  be  made  in  the  subroutine  GTMERG  in  detail. 

The  general  organization  of  the  modified  program  is  shown  in 
Figure  2.2.1.   The  reader  will  see  that  it  is  the  same  as  that  given  in 
Figure  2.1.2  in  the  previous  section.   The  modification  is  made  only 
inside  subroutine  GTMERG,  but  the  sequences  of  calling  subroutine  programs 
are  still  kept  the  same.   Modified  program  NETTRA-G3-FIF0  consists  of  the 
same  subroutines  as  program  NETTRA-G3. 


15 


MAIN 

OUTPUT 

GTMERG 

• 

SUBNET 

MINI  2 

STIMEZ 
KTIMEZ 

Figure  2.2.1  General  organization  of  the 
program  NETTRA.-G3-FIF0 
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It  is  important  to  note  here  that  the  modified  program 
NETTRA-G3-FIF0  cannot  solve  the  fan-in  and  fan-out  problems  in  a 
network.   It  can  only  reduce  the  number  of  gates  and  connections  in 
the  network  while  maintaining  the  fan-in  and  fan-out  restrictions. 
Therefore,  the  given  network  must  satisfy  the  fan-in  and  fan-out 
restrictions.   The  modification  of  subroutine  GTMERG  is  simply  to  check 
the  fan-in  and  fan-out  of  gates  to  be  merged,  and  the  fan-out  of  gates 
and /or  external  variables  that  are  connectable  to  the  merged  gate.   The 
program  will  not  attempt  to  merge  any  two  mergeable  gates  if  it  causes 
a  fan-in  or  fan-out  problem  in  the  resultant  network.   Thus,  if  the  sum 
of  the  fan-out  of  two  mergeable  gates  exceeds  the  fan-out  limit,  these 
two  gates  will  not  be  considered.  And,  if  the  total  number  of  the  fan-out 
of  gates  or  external  variables  to  be  connected  to  the  merged  gate  exceeds 
the  fan-out  limit,  the  program  will  not  attempt  to  merge  these  two  gates. 
The  program  also  considers  the  total  number  of  inputs  to  be  connected  to 
the  merged  gate  in  order  to  prevent  a  fan -in  problem  of  the  merged  gate. 
These  are  the  basic  ideas  in  modifying  the  program.   But,  if  we  use  a 
straightforward  method  as  discussed  above  to  check  the  fan-in  and  fan-out 
of  gates  and  external  variables  before  merging  any  two  gates,  there  will 
be  fewer  possibilities  that  the  gates  are  merged.   This  is  because  some 
pairs  of  mergeable  gates  can  still  be  merged  without  causing  the  fan-out 
problems,  even  though  the  sum  of  fan-out  of  these  two  gates,  or  the  number 
of  fan-out  of  gates  to  be  connected  to  the  merged  gate  exceeds  the  fan-out 
limit.   The  reason  is  that,  after  these  two  gates  are  merged,  some 
redundant  connections  can  be  removed,  solving  the  fan-in  and  fan-out 
problems  (see  Figure  2.3.2  and  Figure  2.3.3).   Since  the  procedure  tends 
to  increase  the  number  of  connections  whenever  it  tries  to  merge  any  two 
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gates,  this  often  causes  the  fan-in  and  fan-out  problems  in  the  network, 
even  though  the  number  of  gates  is  reduced.  So  we  come  up  with  the 
problem  to  find  out  what  is  the  best  way  to  modify  the  program  such  that 
the  program  effectively  reduces  the  number  of  gates  while  satisfying  the 
fan-in  and  fan-out  restrictions.  Moreover  in  choosing  the  best  way, 
computation  time  is  another  factor  to  be  considered.   In  the  following 
sections  we  will  see  the  three  different  versions  of  modified  subroutine 
GTMERG,  each  of  which  has  a  different  way  of  modification  to  handle  fan-in 
and  fan-out  restricted  networks.   They  have  different  advantages  and 
disadvantages  which  will  be  considered  on  the  basis  of  the  experimental 
results  given  in  the  last  section. 

For  our  further  discussion  of  the  program,  the  following 
definitions  are  necessary. 

1.  FI  denotes  the  maximum  fan-in  permitted  for  each  gate  in 
a  network. 

2.  FO  denotes  the  maximum  fan-out  permitted  for  each  gate 
except  output  gates. 

3.  F00  denotes  the  maximum  fan-out  permitted  for  each  output 
gate. 

k.     FOX  denotes  the  maximum  fan-out  permitted  for  each  external 
variable. 

5.  Two  dimensional  array  "INC$MX"  is  used  to  determine  whether 
there  is  a  connection  between  gates  or  between  external  variables.   If 
gate  J  is  connected  to  gate  I,  we  set  IEC$MX(l,j)  =  1.   If  there  is  no 
connection  between  gates  I  and  J,  INC$MX(l,j)  is  set  to  zero. 

6.  The  array  "LIFRED"  stores  the  total  number  of  all 
immediate  predecessors  of  each  gate  in  the  network.   Thus  LIFRED(l)  =  k 
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if  gate  I  has  k  inputs.  Of  course,  LIERED(l)  =  0  when  I  is  an  external 
variable. 

7.  The  array  "LISUCC"  stores  the  total  number  of  all 
immediate  predecessors  of  each  gate  or  external  variable.  Thus 
LISUCC (i)  =  k  if  gate  or  external  variable  I  is  connected  to  k  gates. 

Arrays  "LIPRED"  and  "LISUCC"  are  used  to  find  the  fan-in 
and  fan-out  of  each  gate  or  external  variable.   They  are  always  updated 
each  time  the  network  configuration  changes  by  calling  subroutine  SUBNET. 

8.  The  two-dimensional  array  "GSMALL"  stores  the  CSPF's  of 
all  gates  and  external  variables  in  the  network.   GSMALL(i,  j)  contains 
the  j   component  of  the  vector  representing  the  CSPF  of  gate  or 
external  variable  i.   The  array  "GSMALL"  is  also  updated  each  time  any 
two  gates  are  merged  by  calling  subroutine  MINK. 

9.  An  entry  in  the  i   position  of  vector 

GC(IJ)  =  (G^IJ),  G^2)(IJ),  ...,  G^2  }(IJ)) 

such  that  G^   (U)  =  1  is  called  a  necessary-O,  where  i  takes  the  integer 

H 

values  1,  2.,    3,  .,.,    2  . 

An  entry  in  the  i  ^  position  of  vector 

GC(IJ)  =  (G^IJ),  g£2)(IJ),  ...,  G^2  }(IJ)) 

such  that  Gp   (IJ)  =  0  is  called  a  necessary-1. 

10.  All  necessary-O' s  in  Gp(lJ)  are  said  to  be  covered  by 
f(K)  if  the  entries  in  the  same  positions  of  vector  f(K)  as  necessary-O fs 
in  G  (IJ)  are  0. 

All  necessary-1' s  in  G„(lj)  are  said  to  be  covered  by  f(K) 
if  the  entries  in  the  same  positions  of  vector  f(K)  as  necessary-1' s  in 
GC(IJ)  are  1. 
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If  all  necessary-O's  and  necessary-l's  in  G  (IJ)  are  covered 
"by  the  output  functions  of  all  gates  and  external  variables  in  CS(lJ), 
then 


Vf(K)   eGp(u) 
KeCS(lj) 

holds . 

11.   SETOFK  is  a  subset  of  the  connectable  set  CS(lj)  for  the 

merged  gate  IJ,  which  satisfies  the  condition: 


Vf(k)   eG  (IJ) 
K  e  SETOFK 


As  it  can  be  easily  seen,    if 


Vf(K)      /G   (IJ), 
Ke  CS(IJ) 


then  SETOFK  obviously  does  not  exist. 

A  way  to  find  the  gates  and/or  external  variables  in  SETOFK 
follows.  After  all  necessary-O's  and  necessary-l's  in  Gr(lJ)  are 
determined,  among  gates  and/or  external  variables  in  CS(lJ),  we  select 
first  a  gate  or  an  external  variable  whose  function  covers  the  largest 
number  of  necessary-l's.   From  now  on,  we  will  not  consider  these 
covered  necessary-l's.   Then  we  select  next  a  gate  or  an  external 
variable  in  CS(lj)  whose  function  covers  the  largest  number  of  the 
remaining  necessary-l's.  We  keep  on  selecting  until  all  necessary-l's 
in  Gr(lJ)  have  been  covered.  Then,  all  gates  and  external  variables  that 
we  have  selected  are  those  in  SETOFK.   In  order  to  illustrate  a  way  to 
determine  SETOFK,  let  us  consider  the  following  example. 
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Example  2.2.1:      Illustration  of  a  way  to  determine  SETOFK. 


I 

; 

l 

i 

i 

; 

i 

= 

1 

2 

3 

k 

5 

6 

7 

8 

GC(U) 

= 

0 

1 

0 

0 

0 

* 

0 

0 

K(IJ)  =     *0****** 

f(K)  =10111000 

f(L)  =00010101 

f(M)  =10001010 

f(N)  =00000011 

Suppose  that  G    (i)   0  G    (j)   =  Gc(lJ)   /  0.      From  Example  2.2.1, 

(2) 
we  see  that   only  the   second  position  where  G^      (IJ)   =   1  is  necessary-0 

th 
and  the  rest,    except  for  the  6       position,    are  necessary-1's. 

Suppose  that  gates  K,    L,    M,    N  are  those  in  CS(lJ)   and  they 

have  the   output   functions  as   shown  in  Example  2.2.1.      It   can  easily  be 

seen  that  f(K)  V  f(L)  v  f(M)    V    f(N)eG   (u).      Therefore,    SETOFK  exists. 

All  necessary-1's  are  indicated  by  the  arrows  above  the  positions  in 

Example  2.2.1.     We   select  gate  K  first  because  f(K)   covers  the  largest 

number  of  necessary-1's.     After  gate  K  has  been  selected,    we  do  not 

consider  the  necessary-1's   1,    3,    kt    and  5,   because  they  are   covered  by 

the  selected  gate  K.     Next,    gate  K  is   selected  because  f (N)   covers   the 

largest  number  of  the  remaining  necessary-1's    (positions  7  and  8),    and 

all  necessary-1's  have  been  covered.      Then  gates  K  and  N  are  the  gates 


in  SETOFK.      From  the  example  we   can  see  that  f(K)   V  f(K) e  G   (IJ).      Thus, 
in  order  to  merge  gates   I  and  J  we  need  to  connect  only  gates   in  SETOFK 
to  the  merged  gate   IJ.      This  helps   to  reduce  the   fan-in  of  the  merged  gate 
IJ.      It   should  be  noted  that  SETOFK  is  not  necessarily  a  minimal  or 
irredundant  set. 
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2.3  Variations  of  Modified  Subroutine  GTMERG 

In  this  section,  three  different  versions  of  modified 
subroutine  GTMERG  will  be  discussed.   The  main  feature  of  each  version 
and  the  steps  that  show  how  each  version  has  been  modified  will  be 
considered  along  with  the  flow  chart.  The  significant  difference 
among  the  three  versions  is  the  way  of  checking  the  fan-in  and  fan- 
out  of  gates  and/or  external  variables  before  merging  any  two  gates 
in  a  network,  as  will  be  discussed  in  detail  for  each  version. 

Version  I.  This  version  has  a  simple  modification.   The 
main  purpose  of  this  version  is  to  quickly  reduce  the  number  of  gates 
in  the  network  in  order  to  save  computation  time  in  deriving  the 
network.  The  main  modification  in  this  version  is  made  by  checking 
the  fan -in  and  fan-out  of  gates  before  merging  to  make  sure  that  after 
merging  any  two  gates  there  will  be  no  fan-in  and  fan-out  problems. 
This  is  done  in  the  following  mariner. 

1.  If  the  total  sum  of  the  fan-out  of  two  gates  under 
consideration  exceeds  the  fan-out  limit,  these  two  gates  will  not  be 
considered.   This  is  because,  if  these  two  gates  are  merged,  the  fan- 
out  of  the  merged  gate  will  exceed  the  fan-out  limit. 

2.  The  fan-out  of  each  gate  or  external  variable  in  the 
connectable  set  must  be  less  than  the  fan-out  limit,  except  the  fan- 
out  of  the  gates  or  external  variables  which  are  immediate  predecessors 
of  the  pair  of  mergeable  gates. 

3.  If  the  number  of  gates  to  be  connected  to  the  merged  gate 
exceeds  the  fan-in  limit,  the  two  gates  will  not  be  merged.   In  this 
version,  the  number  of  ages  to  be  connected  to  the  merged  gate  is  the 
number  of  gates  and/or  external  variables  in  SETOFK.   This  condition 
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is  needed  to  prevent  the  occurrence  of  a  fan-in  problem  of  the 
merged  gate. 

The  above  three  conditions  are  sufficient  to  guarantee  that 
the  network,  after  merging  any  two  gates,  satisfies  the  fan-in  and 
fan-out  restrictions. 

The  flow  chart  of  this  version  is  shown  in  Figure  2.3»1« 
It  is  the  same  as  the  original  flow  chart  in  Figure  2.1.3  except  for 
extra  blocks  to  check  the  fan-in  and  fan-out  of  gates  and  external 
variables.  Notice  that  the  given  network  before  transformation  must 
satisfy  the  fan -in  and  fan-out  restrictions.   Subroutine  GTMERG  only 
tries  to  reduce  the  number  of  gates  and  connections  in  the  network 
without  violating  the  fan-in  and  fan-out  restrictions.   Since  the 
program  realizes  the  same  procedure  as  the  original  program,  only  the 
modified  part  of  the  program  will  be  discussed  according  to  the  flow 
chart.   The  modified  program  of  subroutine  GTMERG  can  handle  both 
networks  with  and  without  the  fan-in  and  fan-out  restrictions.  When 
no  fan-in  and  fan-out  restrictions  are  imposed  on  a  network,  the 
program  skips  some  unnecessary  steps  for  checking  the  fan-in  and  fan- 
out  of  the  network  as  shown  in  blocks  k,    13  and  25  in  Figure  2.3»1« 

The  procedure  in  Version  I  of  the  modified  GTMERG  subroutine 
can  be  explained  as  follows: 
Step  1  Calculation  of  CPSF's 

Call  subroutine  MTNI2  to  calculate  the  compatible  set  of 
permissible  functions  for  all  gates  and  external  variables  in  a  network 
as  shown  in  block  1  of  the  flow  chart. 
Step  2  Select  a  pair  of  gates 

Select  two  gates  I  and  J  such  that  J  >  I,  both  according  to 
the  ascending  order  of  the  gate  labels  (blocks  2  and  3). 
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l>    II 


f       START       J 


CALL'  KDII2 


CALL  FVALUI 


RETURN 


Figure  2.3.1  Flow  chart  of  Version  I  of 
modified  subroutine  GTMERG 
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If  all  possible  gate  pairs  have  been  considered,  return  to 
the  calling  subroutine. 
Step  3  Check  the  fan-out  of  the  selected  pair  of  gates  (block  5) 

Since  the  fan-out  of  gates  in  the  network  can  be  found  from 
the  array  "LISUCC",  we  have  to  check  the  following: 

(a)  For  gate  I  which  is  an  output  gate.   If  LISUCC(l)  + LISUCC (j) >  F00, 
then  gates  I  and  J  will  not  be  considered.   Go  to  step  2. 

(b)  For  gate  I  which  is  not  an  output  gate.   If  LISUCC (i)  + LISUCC (j) > FO, 
then  gates  I  and  J  will  not  be  considered.  Go  to  step  2. 

Step  k     Calculate  the  CSPF  for  the  merged  gate  (blocks  6  and  7) 

Find  Gr(lJ)  =  Gp(l)  H  G„(j)   and  determine  the  positions  in 
Gp(lJ)  that  are  necessary-1's  and  necessary-O's.   If  G  (u)  =  0,  go  to 
step  2. 
Step  5  Check  substitutability  (blocks  8  and  9) 

If  f(l)  e  Gr(j)  and  I  ^  S(j),  gate  I  can  substitute  for  gate  J. 
Go  to  step  11. 

If  f(j)eG  (i)  and  J^S(l),  gate  J  can  substitute  gor  gate  I. 
Interchange  I  and  J,  and  go  to  step  11. 
Step  6  Find  gates  and/or  external  variables  in  CS(lj)  (blocks  11-20) 

In  blocks  Ik   and  15  we  check  the  fan-out  of  gates  or  external 
variables  in  CS(lj)  as  follows: 

For  any  gate  or  external  variable  K,  if  K e  IP(l)  U  IP(j),  the 
program  does  not  check  the  fan-out  of  gate  or  external  variable  K.   This 
is  because  if  gate  or  external  variable  K  is  selected  as  a  gate  in 
CS(lJ),  the  fan-out  of  gate  K  will  not  exceed  the  limit. 

For  gate  K  such  that  K^IP(l)  U  IP(j),  the  program  goes  to 
block  15  and  the  fan-out  of  gate  K  is  examined  as  follows: 
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(a)  For  K  which  is  an  external  variable.   If  LISUCC(K)  >  FOX, 
external  variable  K  is  not  selected. 

(b)  For  K  which  is  an  output  gate.   If  LISUCC(K)  >  F00,  gate  K  is 
not  selected. 

(c)  For  K  which  is  any  other  gate.  If  LISUCC(K)  >  FO,  gate  K  is 
not  selected. 

Gate  or  external  variable  K  can  be  a  gate  or  an  external 
variable  in  CS(lJ)  if  and  only  if  the  above  cases  and  the  following 
cases  hold  (blocks  16-19). 

a)  K/S(l)  U  S(J)  U  I  U  J    c 

b)  f(K)eK(lJ) 

These  last  two  conditions  are  the  same  as  those  in  step  5 

in  the  original  subroutine  GTMERG  described  in  section  2.1. 

Step  7  Check  realizability  of  the  merged  gate  (block  23) 

If   Vfc(K)  ^  Gf,(lJ),  gates  I  and  J  cannot  be  merged.  Go  to 
Ke  CS(IJ) 

step  2. 

Step  8  Reduce  the  number  of  gates  in  CS(lJ)  by  finding  SETOFK  (block  2k) 

In  this  step,  we  find  SETOFK  from  gates  and/ or  external 
variables  in  CS(lJ)  as  discussed  in  section  2.2. 
Step  9  Check  the  fan-in  of  the  merged  gate  (block  26) 

If  the  number  of  gates  and/or  external  variables  in  SETOFK 
exceeds  the  fan -in  limit,  go  to  step  2.   This  is  because  it  causes  a 
fan-in  problem  for  the  merged  gate  if  the  number  of  gates  and/or  external 
variables  in  SETOFK  exceeds  the  fan-in  limit. 
Step  10  Construct  the  merged  gate  (block  27) 

Disconnect  all  inputs  of  gate  I  and  connect  all  gates  or 
external  variables  in  SETOFK  to  gate  I  (gate  I  becomes  the  merged  gate  IJ), 
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Step  11  Substitution  (block  28) 

Disconnect  all  outputs  of  gate  J  and  connect  gate  I  to  all 
immediate  predecessors  of  gate  J.   The  resultant  network  still  realizes 
the  specified  function(s)  satisfying  the  fan-in  and  fan-out  restrictions. 
Step  12  Update  the  information  on  the  new  network  (blocks  29,  30  and  31) 

Call  subroutine  SUBNET  to  update  the  information  on  the 
network  configuration  and  to  calculate  the  truth  table  for  the  network 
output  (S). 

Version  II.   This  version  is  different  from  version  I  in  that 
the  conditions  used  to  check  the  fan-in  and  fan-out  of  gates  or  external 
variables  are  not  sufficient  to  guarantee  that  the  network  after  merging 
any  two  gates  will  satisfy  the  fan-in  and  fan-out  restrictions.   The 
procedure  uses  the  pruning  procedure  in  subroutine  MINI2  to  help  in 
removing  some  redundant  connections  after  merging  gates.   It  allows 
some  gates,  whose  fan-out  is  equal  to  the  fan-out  limit,  to  be  connected 
to  the  merged  gate.   Then  it  calls  subroutine  MINI2  to  hopefully  remove 
some  redundant  connections,  such  that  it  sometimes  results  in  removing 
some  gates  from  the  network  [2]  [k].      This  sometimes  helps  to  solve 
the  fan-out  problems  of  the  merged  gate  or  gates  to  be  connected  to  the 
merged  gate.   The  conditions  used  in  this  version  to  check  the  fan -in 
and  fan-out  of  gates  before  merging  any  pair  of  gates  I  and  J  are  as 
follows : 

1.   If  gate  I  is  a  successor  of  gate  J,  or  gate  J  is  a 
successor  of  gate  I,  the  program  does  not  check  the  sum  of  the  fan-out 
of  these  two  gates.   Otherwise,  if  the  sum  of  the  fan-out  of  gates  I 
and  J  exceeds  the  fan-out  limit,  gates  I  and  J  are  not  considered. 
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2.  For  every  gate  or  external  variable  which  is  connectable 
to  the  merged  gate  IJ,  the  program  does  not  check  the  fan-out  of  gates 
or  external  variables  which  are  predecessors  of  gate  I  or  gate  J.  For 
other  gates  and  external  variables  which  are  not  predecessors  of  gates  I 
and  J,  the  program  does  not  consider  the  gates  and  external  variables 
whose  fan-out  equals  the  fan-out  limit. 

3.  If  the  number  of  gates  and/or  external  variables  which 
have  to  be  connected  to  the  merged  gate  IJ  exceeds  the  fan-in  limit,  the 
two  gates  are  not  merged.   In  this  version,  this  is  the  number  of  gates 
and  external  variables  in  SETOFK. 

The  reason  why  the  procedure  does  not  check  the  sum  of  the 
fan-out  of  two  mergeable  gates  I  and  J  if  gate  I  is  a  predecessor  of 
gate  J  or  vice  versa  is  that  after  merging  gates  I  and  J,  the  fan-out  of 
merged  gate  IJ  may  be  less  than  the  sum  of  the  fan-out  of  these  two  gates 
before  merging.   This  is  because  there  is  at  least  one  path  between 
gates  I  and  J.   If  gate  I  is  a  predecessor  of  gate  J  or  vice  versa, 
this  path  can  be  removed  in  some  cases  after  merging  gates  I  and  J. 
Let  us  consider  a  simple  example  in  Figure  2.3.2  for  the  maximum  fan -in 
and  fan-out  of  three.  Suppose  that  gates  I  and  J  are  mergeable.  The 
sum  of  the  fan-out  of  gates  I  and  J  is  four,  as  shown  in  Figure  2.3.2(a). 
But  after  merging  gates  I  and  J,  gates  K  and  M  can  be  removed  because 
gates  K  and  M  are  successors  of  gate  J  and  they  cannot  be  the  gates  in 
CS(IJ).   This  reduces  the  fan-out  of  the  merged  gate  I J  to  three, 
satisfying  the  fan-out  restriction  as  shown  in  Figure  2.3.2(b).   If  gate  J 
is  not  a  predecessor  of  gate  I  or  vice  versa,  this  cannot  happen. 

In  a  similar  way  according  to  condition  2,  the  program  does 
not  check  the  fan-out  of  gates  or  external  variables  which  are 
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predecessors  of  gate  I  or  gate  J  (they  cannot  be  successors  of  gate 
I  or  J  either),  because  there  is  a  possibility  that  the  fan-out  of 
these  gates  or  external  variables  may  be  reduced  after  merging  gates 

I  and  J.  Moreover,  after  merging  gates  I  and  J,  CSPF's  of  all  gates 
or  external  variables  that  are  predecessors  of  gates  I  and  J  will  be 
changed.   This  might  cause  elimination  of  some  redundant  connections 
[1]  [2].  Let  us  consider  the  example  in  Figure  2.3-3  for  the  maximum 
fan -in  and  fan-out  of  three.   Suppose  that  gates  I  and  J  are  mergeable, 
and  that  gate  K  is  connectable  to  the  merged  gate  IJ  (Ke  CS(lJ)).   The 
fan-out  of  gate  K  is  three  as  shown  in  Figure  2.3.3(a).   But  gate  K 
can  still  be  connected  to  the  merged  gate  IJ  because  after  merging 
gates  I  and  J,  gates  M  and  L  can  be  removed  from  the  network  (gate  L 
cannot  be  a  gate  in  CS(lj)  since  Le  S(j)).   This  reduces  the  fan-out 

of  gate  K  to  two,  and. after  gate  K  is  connected  to  the  merged  gate  IJ, 
the  fan-out  of  gate  K  is  three,  satisfying  the  fan-out  restriction  as 
shown  in  Figure  2.3«3(h).   This  is  possible  only  if  gate  K  is  a 
predecessor  of  gate  I  or  gate  J.   For  the  other  gates  this  cannot  occur. 
Condition  3  is  similar  to  that  of  version  I,  since  in  version 

II  we  also  connect  gates  and/or  external  variables  in  SETOFK  to  the 
merged  gate  IJ. 

We  see  that  conditions  1  and  2  for  checking  the  fan-in  and 
fan-out  of  gates  or  external  variables  are  not  sufficient  to  guarantee 
that  the  network  after  merging  any  two  gates  I  and  J  will  satisfy  the 
fan-out  restriction,  since  gates  or  external  variables  which  are 
predecessors  of  gate  I  or  J  may  have  the  fan-out  which  exceeds  the  limit 
after  merging.   Therefore,  after  merging  any  two  gates,  we  have  to  check 
the  fan-out  of  the  merged  gate  IJ  and  the  fan-out  of  every  gate  and/or 
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external  variable  that  is  connected  to  the  merged  gate  IJ.   If  there 
is  any  gate  or  external  variable  whose  fan-out  exceeds  the  fan-out 
limit,  these  two  gates  I  and  J  cannot  be  merged.   This  requires  the 
program  to  store  all  the  information  on  the  network  configuration 
before  merging  any  two  gates,  and  if  there  is  any  fan-out  problem 
after  merging,  all  this  information  must  be  restored  in  order  to  get 
back  to  the  original  network  before  merging. 

This  wastes  some  computation  time  if  the  given  network  has 
many  pairs  of  mergeable  gates  to  be  considered  and  such  pairs  cause 
fan-out  problems  after  merging.  Unfortunately  we  have  no  information 
to  tell  us  which  pair  of  mergeable  gates  can  be  merged  without  causing 
any  fan-out  problems  and  we  still  do  not  know  whether  the  pruning 
procedure  in  subroutine  MINI2  helps  to  solve  the  fan-out  problems  or 
not. 

The  flow  chart  of  version  II  of  modified  subroutine  GTMERG 
is  given  in  Figure  2,J>.K.      The  procedure  in  this  version  is  described  in 
the  following  steps.  Note  that  some  steps  that  are  similar  to  the 
original  program  or  similar  to  version  I,  are  not  described  in  detail. 
Step  1  Calculation  of  CSPF's  (block  l) 
Step  2  Initialization  (blocks  2  and  3) 
Step  3  Select  a  pair  of  gates 

If  all  pairs  of  gates  have  been  considered,  return  to  the 

calling  subroutine. 

Step  k     Check  the  fan-out  of  the  selected  pair  of  gates  I  and  J 
(Blocks  5  and  6) 

In  this  step,  the  program  checks  the  fan-out  of  the  pair  of 

gates  I  and  J  according  to  condition  1  as  mentioned  at  the  beginning. 
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In  block  5,  if  Je  S(l)  or  I  e  S(j),  the  sum  of  the  fan-out 
of  gates  I  and  J  is  not  checked  and  the  program  goes  to  block  7. 
Otherwise,  the  program  goes  to  block  6  and  the  sum  of  the  fan-out  of 
gates  I  and  J  is  checked  as  follows: 

(a)  For  I  which  is  an  output  gate.   If  LISUCC(l) + LISUCC(j)  >  F00, 
gates  I  and  J  are  not  considered.  Go  to  step  3* 

(b)  For  I  which  is  not  an  output  gate.   If  LISUCC(l) +  LISUCC(j)  >  FO, 
gates  I  and  J  are  not  considered.  Go  to  step  3* 

Step  5     Calculate  the  CSPF  of  the  merged  gate  IJ  (blocks  7  and  8) 

Find  Gc(lJ)  =  Gp(l)  n  Gc(j)  and  determine  necessary-O's  and 
necessary-1's  in  Gc(lJ).   If  G  (ij)  =  0,  go  to  step  3. 
Step  6  Check  the  substitutability  (blocks  9,    10,  and  11 ) 

If  f(l)eG  (j)  and  I  e  S(j),  gate  I  can  substitute  for  gate  J. 
Go  to  step  11. 

If  f(j)eG  (i)  and  Je  S(l),  gate  J  can  substitute  for  gate  I. 
Interchange  the  labels  of  I  and  J  and  go  to  step  11. 
Step  7  Find  gates  and/or  external  variables  in  CS(lJ)  (blocks  1^-21) 

In  this  step,  we  check  the  fan-out  of  gates  or  external 
variables  which  are  connectable  to  the  merged  gate  IJ  as  in  condition  2. 

In  block  15,  if  gate  or  external  variable  Kg  P(l)  U  P(j),  the 
fan-out  of  gate  or  external  variable  K  is  not  checked.   Otherwise,  the 
program  goes  to  block  16  and  the  fan-out  of  gate  or  external  variable 
K  is  checked  as  follows: 

(a)  For  K  which  is  an  output  gate.   If  LISUCC(K)  >   F00,  gate  K  is  not 
considered. 

(b)  For  K  which  is  not  an  output  gate.   If  LISUCC(K)  >   FO,  then  gate  K 
is  not  considered. 
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(c)  For  K  which  is  an  external  variable.  If  LISUCC(K)  >  FOX,  external 
variable  K  is  not  considered. 

Gate  or  external  variable  K  can  be  a  gate  or  an  external 
variable  in  CS(lJ)  if  and  only  if  the  above  cases  and  the  following 
cases  hold.   (Blooks  17-20) 

a)  Ke  S(I)  U  S(j)  U  I  U  J 

b)  f(K)sK(U). 

Step  8  Check  the  realizability  of  the  merged  gate  IJ  (blocks  23  and  2k) 

If  CS(IJ)  =  0  or  Vf(K)   4   G  (IJ),  go  to  step  3- 
KeCS(l)    L 

Step  9  Reduce  the  number  of  gates  and/or  external  variables  in  CS(lJ) 
~by  finding  SETOFK  (block  25) 

Step  10  Check  the  fan-in  of  the  merged  gate  IJ  (block  27) 

If  the  number  of  gates  and/or  external  variables  in  SETOFK 
exceeds  the  fan-in  limit,  gates  I  and  J  are  not  merged.   Go  to  step  3« 
Step  11  Store  the  information  on  the  original  network  (blocks  28  and  32) 

In  this  step  we  have  to  store  all  the  information  on  the 
original  network  before  merging.  We  set  up  two  arrays  called  "Q" 
and  "TEMP".   The  information  on  network  configuration  will  be  stored 
in  the  array  "TEMP"  by  transforming  the  contents  in  array  "INC^MX" 
(TEMP=  INC$MX).   The  CSPF's  of  the  original  network  are  stored  in  the 
array  "Q"  by  transforming  the  contents  in  array  "GSMA.LL"  (Q  =  GSMALL). 

If  gate  I  can  be  substituted  for  gate  J  or  vice  versa,  go  to 
step  13. 
Step  12  Construct  the  merged  gate  (block  29) 

Disconnect  all  inputs  of  gate  I  and  connect  all  gates  or 
external  variables  in  SETOFK  to  gate  I. 
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Step  13  Substitution  (block  30 ) 

Disconnect  all  outputs  of  gate  J  and  connect  gate  I  to 
IS(j).   The  resultant  network  still  realizes  the  specified  function(s) 
but  does  not  necessarily  satisfy  the  fan-out  restriction. 
Step  14  Update  the  information  on  the  new  network  (blocks  33,  3*4-,  and  35) 
Step  15  Recalculate  CSPF's  (block  36) 

In  this  step  CSPF's  of  the  new  network  are  recalculated  by 
calling  subroutine  MINI2.   Since  subroutine  MTNI2  also  realizes  the 
pruning  procedure,  it  has  the  capability  to  remove  some  redundant 
connections.   Therefore,  after  this  step  some  connections  or  gates  may 
be  removed  from  the  network. 
Step  16  Check  fan -out  problem  in  the  new  network  (block  38) 

In  this  step,  we  check  the  fan-out  of  the  merged  gate  and  the 
fan-out  of  every  gate  and  external  variable  that  is  connected  to  the 
merged  gate.  If  there  is  any  fan-out  problem  in  the  network,  go  to 
step  17.   Otherwise,  go  to  step  2  and  the  procedure  will  be  repeated 
again  for  the  new  network. 
Step  17  Restore  the  information  on  the  original  network  (block  39) 

Since  there  is  a  fan-out  problem  in  the  network  after  merging, 
we  have  to  go  back  to  the  original  network  by  restoring  the  information 
about  the  original  network.   This  can  be  done  by  setting 

INC$MX  =  TEMP 
GSMA.LL  =  Q, 

In  order  to  get  all  the  lists  of  successors,  predecessors,  and 
detailed  information  on  the  network  configuration,  subroutine  SUBNET 
is  called  in  block  k-0.      The  truth  table  is  calculated  again  by  calling 
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subroutine  FVALUE  in  block  kl.     Go  to  step  3  to  examine  the  next 
pair  of  gates. 

Version  III.   This  version  is  very  similar  to  Version  II. 
The  method  of  checking  the  fan-in  and  fan-out  of  gates  and  external 
variables  in  this  version  is  the  same  as  that  in  Version  II.   The  only 
difference  is  that  in  this  version,  instead  of  connecting  all  gates 
and/or  external  variables  in  SETOFK  to  the  merged  gate,  we  connect  all 
gates  and/or  external  variables  in  the  connectable  set  to  the  merged 
gate.   The  effectiveness  of  this  version  depends  mainly  on  the  power 
of  the  pruning  procedure  in  subroutine  MINI2.   The  reason  is  that  the 
connectable  set  may  contain  some  redundant  gates  or  external  variables 
and  the  number  of  gates  and/or  external  variables  in  the  connectable 
set  may  exceed  the  fan-in  limit.   If  after  calling  subroutine  MINI2  and 
removing  some  redundant  connections  the  number  of  gates  or  external 
variables  that  are  connected  to  the  merged  gate  still  exceeds  the  fan- 
in  limit,  the  gates  cannot  be  merged. 

The  way  that  the  program  checks  the  fan-in  and  fan-out  of  gates 
or  external  variables  is  the  same  as  conditions  1  and  2  in  Version  II. 
The  program  also  does  not  check  the  number  of  gates  and/or  external 
variables  in  the  connectable  set  before  merging.   Therefore,  in  this 
version,  after  merging  any  two  gates,  the  network  may  have  both  fan-in 
and  fan-out  problems.   This  requires  the  program  to  check  both  the  fan- 
in  and  fan-out  of  the  merged  gate  and  also  the  fan-out  of  every  gate  or 
external  variable  that  is  connected  to  the  merged  after  merging  any 
two  gates  and  subroutine  MINI2  is  called. 

If  there  is  any  fan-in  or  fan-out  problem  in  the  transformed 
network,  we  have  to  go  back  to  the  original  network  before  merging. 
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This  is  the  same  as  version  II  in  that  all  the  information  on  the 
network  has  to  be  stored  before  merging  so  that  we  can  come  back  to 
the  original  network  when  there  is  any  fan-in  or  fan-out  problem  in 
the  transformed  network. 

The  flow  chart  of  this  version  is  given  in  Figure  2.3.5. 
The  procedure  in  this  version  is  very  similar  to  the  procedure  in 
version  II.   The  procedure  follows  the  same  steps  as  in  version  II 
except  in  steps  9,    10,  12,  and  16  which  will  be  discussed  in  the 
following . 

a)  Since  in  version  III  we  connect  all  gates  and/or  external 
variables  in  CS(lj)  to  the  merged  gate  I J,  we  do  not  have  to  find 
SETOFK,  and  step  9  is  skipped. 

b)  In  version  III,  the  program  does  not  check  the  number 
of  gates  and/ or  external  variables  in  CS(u)  but  simply  connects  them 
to  the  merged  gate  IJ;  therefore,  step  10  is  skipped. 

c)  In  step  12,  instead  of  connecting  all  gates  and/or  external 
variables  in  SETOFK  to  the  merged  gate  IJ,  the  program  connects  all  gates 
and  external  variables  in  CS(lJ)  to  the  merged  gate  IJ  as  shown  in 
block  27  in  the  flow  chart  of  version  III. 

d)  In  step  16,  not  only  the  fan-out  of  the  merged  gate  IJ 
and  the  fan-out  of  every  gate  or  external  variable  connected  to  the 
merged  gate  IJ  are  checked,  but  also  the  fan-in  of  the  merged  gate  IJ 
has  to  be  checked.   If  there  is  any  fan-in  or  fan-out  problem  in  the 
new  network,  gates  I  and  J  are  not  merged.   This  is  shown  in  block  36 
in  the  flow  chart  of  version  III. 
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n    ii 


CALL  PVALUI 


«     CALL  BUBfIT 


Figure  2.3.5  Flow  chart  of  Version  III  of 
modified  subroutine  GTMERG 
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2.k     Evaluation  and  Experimental  Results  of  the  Three  Versions  of 
Modified  Subroutine  GTMERG 

In  order  to  evaluate  the  efficiency  and  effectiveness  of 
each  version  of  these  modified  subroutines,  we  run  some  examples  of 
fan-in  and  fan-out  restricted  networks  and  study  the  resultant  networks 
in  terms  of  cost  (number  of  gates,  first,  and  connections,  second) 
and  computation  time.  We  have  to  compromise  between  these  two  factors 
in  order  to  decide  which  version  is  the  best.   In  one  version,  we  may 
obtain  networks  with  lower  costs  but  it  may  require  longer  computation 
time.   In  the  other,  networks  with  reasonably  low  costs  may  be  obtained 
within  a  shorter  computation  time.  Moreover  one  version  may  be 
considerably  good  for  particular  examples  while  another  version  may 
be  good  for  other  examples.   In  this  section,  the  results  of  the 
experiment  which  show  such  a  comparison  of  these  three  versions  of  the 
modified  subroutine  GTMERG  are  given. 

The  organization  of  the  program  that  was  used  to  run  the 
experiment  is  different  from  the  flow  chart  of  NETTRA-GJ5-FIF0  in 
Figure  2.2.1.   The  difference  is  only  the  change  in  the  order  of  the 
subroutines  which  are  called  by  subroutine  MAIN.  The  order  of  calling 
subroutines  in  the  program  that  was  used  to  run  the  experiment  is  given 
in  Figure  2.k.l.      The  program  needs  three  additional  subroutines  NOKNET, 
FROCII,  and  FIFO  for  the  experiment.  Notice  that  subroutines  MINI2, 
SUBNET,  and  OUTPUT  are  still  used  in  the  program  and  that  they  are  called 
according  to  the  flow  chart  in  Figure  2.2.1.   The  functions  of  these 
three  additional  subroutines  are  briefly  described  as  follows: 

NORNET  is  the  name  of  a  subroutine  which  synthesizes  a  network 
realizing  a  given  set  of  output  functions  using  a  universal  network  as 
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Figure  2.4.1 


The  organization  of  the  program 
that  was  used  to  evaluate  the 
effectiveness  of  the  three 
versions  of  modified  subroutine 
GTMERG 
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an  initial  network.   (it  should  be  noted  that  there  are  many  other 
networks  which  can  be  used  as  an  initial  network.   One  example  is 
the  three-level  network  based  on  the  minimal  sum  of  products.)  NORNET 
was  used  in  this  experiment  because  it  is  simple  and  fast.   One  problem 
with  NOKNET  is  that  synthesized  networks  tend  to  have  a  large  number 
of  gates  and  connections. 

PR PC I I  is  the  subroutine  used  to  remove  redundant  gates  and 
connections  in  an  initial  network.   It  also  has  the  capability  of 
adding  connections  to  some  gates  in  order  to  remove  others.   The 
detailed  discussion  of  the  procedure  in  subroutine  PROCII  is  beyond 
the  scope  of  this  paper  and  it  is  not  necessary  for  the  reader  to  know 
about  subroutine  PROCII  in  order  to  understand  the  subject  dealt  with 
in  this  paper. 

FIFO  is  the  set  of  subroutines  used  to  transform  the  network 
such  that  it  satisfies  the  fan-in  and  fan-out  restrictions.  For 
details  of  these  subroutines,  see  [7]. 

Thus  the  action  of  MAIN  in  the  program  in  Figure  2.^.1  can 
be  summarized  as  follows.  NORNET  is  called  to  provide  an  initial  network 
and  PROCII  is  called  to  remove  redundant  gates  and  connections  in  the 
network.   The  network  obtained  from  this  step  does  not  satisfy  the 
fan-in  and  fan-out  restrictions.   Therefore,  FIFO  is  called  to  solve 
the  fan-in  and  fan-out  problems  in  the  network  by  adding  more  gates  and 
connections.   Subroutine  GTMERG  is  then  called  to  transform  the  network 
by  the  "merging  of  gates"  procedure.   Usually  the  network  obtained  by 
FIFO  contains  more  gates  and  connections  than  the  one  in  the  previous 
step,  since  some  additional  gates  and  connections  must  be  added  in  order 
to  satisfy  the  fan-in  and  fan-out  restrictions.   From  the  experimental 
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results  we  will  see  that  the  modified  subroutine  GTMERG  can  eliminate 
many  gates  and  connections  from  the  network  obtained  by  FIFO.  As  a 
matter  of  fact,  networks  obtained  by  the  program  shown  in  Figure  2.4.1 
can  be  reduced  to  a  better  one  (in  terms  of  the  number  of  gates,  first, 
and  connections,  second)  through  iterations,  as  we  will  see  in 
section  4.1.   The  purpose  of  the  experiment  in  this  section  is  only 
to  compare  networks  derived  by  different  versions.   Therefore,  iteration 
of  the  program  is  not  necessary. 

The  experiment  was  performed  with  IBM  360/75.   Forty-five 
examples  have  been  chosen  randomly.  Among  these  forty-five  examples, 
there  are  5~*  4-,  and  5-variable  functions,  some  of  which  are  multiple- 
output  functions.   Table  2.4.1  shows  the  results  of  the  experiment  of 
these  forty-five  functions  with  the  maximum  fan-in  and  fan-out 
restrictions  of  three.   The  cost  of  the  network  is  defined  as 

( 100  x  R )  +  C 
where  R  is  the  number  of  gates  and  C  is  the  number  of  connections. 
Thus  a  network  with  ten  gates  and  fifty  connections,  for  example,  has 
the  cost  of  1050.   The  first  column  labeled  "initial  network  cost"  is 
the  cost  of  the  networks  obtained  by  FIFO,  satisfying  the  fan-in  and 
fan-out  restrictions.  Each  of  the  second,  third  and  fourth  columns 
has  two  subcolumns  which  show  the  computation  time  in  centiseconds 
and  the  cost  of  the  resultant  network  derived  by  each  version.   The 
computation  time  in  this  table  is  the  time  used  for  modified  subroutine 
GTMERG  only. 

The  results  in  Table  2.4.1  are  summarized  in  Table  2.4.2. 
The  first  column  shows  the  average  time  per  function  which  is  used  to 
derive  a  network.   In  the  second  column,  the  number  of  the  lowest  cost 
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Table  2.1*-. 2  A  measure  of  efficiency  and 

effectiveness  of  the  3  versions 
of  subroutine  GTMERG 


Average  time 

per  function 

(centisecs) 

No.  of  the  lowest 
cost  networks 
derived  by  each 
version 

No.  of  networks  with 
equal  cost,  but  less 
time,  derived  by 
each  version 

Version  I 

32^.20 

3 

5 

Version  II 

313-3^ 

1 

16 

Version  III 

900.00 

3 

NONE 

k6 

networks  derived  "by  each  version  is  obtained  by  counting  the  number 
of  networks  with  the  lowest  cost  among  the  three  versions.  The  cost 
of  a  network  in  this  table  is  defined  as  the  number  of  gates, 
ignoring  the  number  of  connections.   In  other  words,  if  the  cost 
of  a  network  derived  by  version  I  is  2530  and  the  cost  of  a  network 
derived  by  version  II  is  2527,  we  say  that  version  I  and  version  II 
both  derive  the  same  cost  network.   In  the  third  column,  the  number 
of  networks  with  an  equal  cost  but  less  computation  time  is  obtained 
by  counting  the  number  of  the  networks  which  have  as  low  a  cost  as  the 
networks  derived  by  the  other  versions  but  take  less  computation  time. 
For  example,  for  function  15  in  Table  2A.1,  the  three  versions  derive 
network  with  the  same  cost  of  1835  but  the  computation  time  of  version  II 
is  less  than  the  other  two  versions.   Therefore,  it  is  counted  as  one  of  the 
16  functions  listed  in  the  third  column  for  version  II.   The  computation 
time  in  the  experiment  is  obtained  from  the  timing  subroutines  STIMEZ 
and  KTIMEZ. 

From  Table  2.4.2,  we  can  conclude  that  the  program  of  version  II 
is  more  effective  and  efficient  than  the  other  two  versions.   This  is 
because  it  can  derive  networks  with  less  average  computation  time 
(almost  three  times  less  than  version  III),  as  shown  in  the  first 
column  of  Table  2.4.2.  Even  though  it  can  derive  only  one  lowest-cost 
network,  it  can  derive  16  networks  which  have  as  low  a  cost  as  those 
derived  by  the  other  two  versions  but  require  less  computation  time. 
This  means  that  among  forty-five  functions,  version  II  can  derive  17 
networks  with  the  lowest  cost  and  less  computation  time  while  version  I 
can  do  this  for  8  functions  and  version  III  for  only  3  functions.   In 
chapter  k,   we  will  have  more  experimental  results  of  version  II  of  the 
modified  subroutine  GTMERG. 
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3-   MODIFIED  PROGRAM  NETTRA-PG1-FIFO 

3.1  Original  Program  NETTRA-PG1 

In  this  section,  we  will  discuss  another  transduction 
procedure  called  "substitution  of  gates".   It  is  realized  by  the 
FORTRAN  program  designated  as  NETTRA-PGl  [2]  which  is  one  of  the 
transduction  programs'  in  the  system.   The  name  "NETTRA-PGl"  means  that 
the  program  realizes  both  the  pruning  procedure  and  the  general 
procedure.   The  program  was  originally  studied  and  implemented  into 
the  FORTRAN  program  by  J.  Culliney  [k].     The  generalized  organization 
of  the  program  NETTRA-PG1  is  shown  in  Figure  3«1«1«   The  program 
consists  of  subroutines  MAIN,  PROCIP,  MINI2,  SUBNET,  OUTPUT  and  SUBNET. 
Two  system-supplied  timing  routines  STIMEZ  and  KTIMEZ  are  also  assumed 
to  be  available  but  if  they  are  not,  their  use  is  omitted.   Subroutines 
MINK,  OUTPUT,  and  SUBNET  are  common  subroutines  in  the  transduction 
programs.   They  are  the  same  as  those  discussed  in  section  2.1.  An 
arrow  from  block  i  to  block  j  means  that  the  subroutine  represented  by 
block  i  calls  the  subroutine  represented  by  block  j.   The  pruning 
procedure  using  CSPF's  is  mainly  embodied  in  subroutine  MINI2  and  the 
"substitution  of  gates"  procedure  is  in  subroutine  SUBSTI.   Subroutine 
PROCIP  controls  the  calling  sequence  of  two  subroutines  MTNI2  and  SUBSTI. 
The  flow  chart  of  PROCIP  is  shown  in  Figure  3.1.2.   Subroutine  PROCIP  is 
called  by  MAIN.   If  an  appropriate  flag  has  been  set  by  MAIN,  PROCIP 
always  bypasses  the  calling  of  subroutine  SUBSTI  and  loops  around  in 
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block  1,  2,  and  3  until  the  network  can  no  longer  be  improved  by- 
subroutine  MINI2.   If  a  flag  has  not  been  set,  subroutine  PROCIP 
alternates  the  calls  of  subroutines  MINI2  and  SUBSTI  until  no  further 
improvement  in  the  network  can  be  made.   This  flag  is  tested  in  block  2 
in  Figure  3.1.2. 

The  network  transformation  procedure  in  program  NETTRA-PG1  is 
mainly  performed  by  subroutine  SUBSTI.   Subroutine  SUBSTI  is  quite 
simple.   It  merely  tries  to  substitute  the  combined  outputs  of  the 
other  gates  or  external  variables  in  a  network  for  the  connections  of 
the  output  of  gate  I  to  other  gates.   If  it  succeeds,  gate  I  can  be 
removed  from  the  network.   One  example  of  the  transformation  performed 
by  SUBSTI  is  shown  in  Figure  3«1»3«   Suppose  that  the  network  in 
Figure  3«l»3(a)  resulted  from  the  application  of  MINI2,  and  the  CSPF's 
have  already  been  calculated.  Assume  that  G  (i),  G  (J  ),  and  G  (j  ) 
are  (1**0110*),  (*0*0010l),  and  (1*10100*)  respectively.   The  outputs 
from  gates  J.,  and  J  have  "necessary-0's"  [2]  in  the  same  positions  as 
the  output  from  gate  I.   Therefore,  the  outputs  from  gates  J  and  J 
can  be  substituted  for  the  output  from  gate  I  [2]  [k-~\.      This  is  done 
by  subroutine  SUBSTI,  resulting  in  Figure  3 -l*  3(h). 

After  subroutine  SUBSTI  replaces  the  connections  of  the  output 
of  one  gate  with  the  outputs  of  other  gates  in  the  network,  it 
immediately  returns  to  subroutine  PROCIP  for  another  application  of 
subroutine  MINI2.   The  reason  why  subroutine  SUBSTI  does  not  continue 
trying  to  remove  further  gates  is  that,  after  one  gate  is  removed,  a 
considerable  amount  of  stored  data  (e.g.,  CSPF's  of  gates  and  external 
variables  and  network  configurations)  must  be  updated. 
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The  flow  chart  of  subroutine  SUBSTI  in  NETTRA-FG1  is  shown 
in  Figure  3.1.4.   The  procedure  in  subroutine  SUBSTI  (described  in 
[2]  and  [k])   is  briefly  summarized  as  follows: 
Step  1  (initialization) 

Set  I  =  NM  +  1. 
Step  2  Increase  I  by  1.   If  I  is  an  isolated  gate,  repeat  this  step. 
Otherwise,  go  to  next  step.   If  I  >  NR,    return  to  the  calling  subroutine. 
Step  3  Determine  necessary-1* s  and  necessary-O's  in  G„(l).   (See  [2] 
and  [k-].) 

A  necessary-1  in  Gp(l)  is  an  entry  in  the  i  h  position  of 
vector 

GC(I)  =  (G^I),  G^2)(I),  ...,    G(c2    kl)) 

such  that  G;,   =  1,  where  i  takes  the  integer  values  1,  2,    3,  •••,  2  . 

A  necessary-0  in  Gp,(l)  is  an  entry  in  the  ith  position  of 


vector 


Gr(D  =  (4l](T)t    G^2)(I),  ...,  G^2  \l)) 


such  that  G^  =  0. 

Step  k-     Find  SU(l)  which  is  defined  as  follows: 

SU(l)  is  the  set  of  gates  and/ or  external  variables  which 
can  substitute  for  gate  I.   For  a  gate  or  an  external  variable  J  that 
can  be  substituted  for  gate  I,  the  following  conditions  must  be  satisfied. 

(a)  JeS(l)  (condition  for  a  loopless  network) 

(b)  f(j)  <  GC(I) 

The  symbol  "  >  "  is  the  vector  comparison  where  *  >  1  or  0 
and  1  >  0.   Thus  (*101*Oll)  is  greater  than  ( 10011010 ),  and  this  can  be 
written  as  ( 10011010 )  <  (*101*01l).  We  can  easily  see  that  for  any 
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f(j)  to  satisfy  f(j)  <Gr(l),  f(j)  must  have  O's  in  positions  where 

G~(l)  has  necessary-0's. 

The  two  conditions  above  are  necessary  but  not  sufficient 

for  gates  and/or  external  variables  in  SU(l)  to  be  substituted  for 

gate  I.  All  gates  and/or  external  variables  in  SU(l)  can  be 

substituted  for  gate  I  if  and  only  if   Vf(j)   eG.(l).   In  other 

JeSU(l)    L 

words  we  can  substitute  gates  and/ or  external  variables  in  SU(l) 
for  gate  I  if  the  following  two  conditions  hold. 

(a)  f(j),  at  every  gate  or  external  variable  J  which  is  in  SU(l), 
must  have  O's  in  positions  where  G„(l)  has  necessary-O's. 

(b)  All  necessary-1* s  in  G„(l)  must  be  covered  by   Vf(j) 

L  JeSU(l) 

If  SU(l)  is  not  to  contain  redundant  gates  or  external 
variables,  then  f(j)  must  have  at  least  a  1  corresponded  to  necessary-1 
in  Gr(l).   This  is  added  in  the  flow  chart  as  an  extra  condition. 

If  all  necessary-1' s  in  G„(l)  have  not  been  covered  and  J  is 
greater  than  MR(N+R),  we  cannot  substitute  for  gate  I.  Go  to  step  2. 
Otherwise  go  to  next  step. 

Step  5  Make  a  substitution  by  disconnecting  gate  I  from  the  network  and 
connecting  all  the  gates  and/or  external  variables  in  SU(l)  to  all 
immediate  successors  of  gate  I. 

3.2  Modified  Program  NETTRA-PG1-FIF0 

In  this  section,  we  will  discuss  the  modified  program  of 
NETTRA-PG1  that  can  handle  fan -in  and  fan-out  restricted  networks. 
The  modified  program  is  called  NETTRA-PG1-FIF0.   The  suffix  "FIFO" 
means  that  the  program  has  the  capability  of  handling  networks  with  the 
fan-in  and  fan-out  restrictions.   Since  the  network  transduction  procedure 
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(substitution  of  gates)  in  METTRA-PG1  is  mainly  performed  by 
subroutine  SUBSTI,  the  main  modification  of  this  program  is  necessary 
only  in  this  subroutine.   The  following  discussion  on  NETTRA-PG1-FIF0 
will  be  detailed  only  in  subroutine  SUBSTI. 

The  general  organization  of  the  program  NETTRA-PG1-FIF0  is 
shown  in  Figure  3.2.1.  The  change  that  has  been  made  is  that  subroutine 
SUBSTI  also  calls  subroutine  MINI2.   The  reason  why  we  allow  subroutine 
SUBSTI  to  call  subroutine  MINK  will  be  clear  to  the  reader  in  the  next 
section.   Program  NETTRA-PG1-FIF0  also  consists  of  the  same  subroutines 
as  those  in  NETTRA-PG1.   Subroutine  FROCIP  controls  the  calling  sequence 
of  two  subroutines  MUTI2  and  SUBSTI.   Subroutine  PROCIP  in 
NETTRA-PG1-FIF0  is  slightly  different  from  the  original  one  in 
NETTRA-PG1.   This  is  because  the  program  has  to  take  care  of  both  a 
fan-in  and  fan-out  restricted  network  and  a  fan-in  and  fan-out 
restriction-free  network.  The  flow  chart  of  subroutine  PROCIP  in 
KETTRA-PG1-FIF0  is  given  in  Figure  3«2.2.   The  program  has  one  more 
block  to  check  whether  or  not  a  network  has  any  fan-in  and  fan-out 
restrictions,  as  shown  in  block  5  in  the  flow  chart.   If  the  network 
does  not  have  any  fan-in  and  fan-out  restrictions,  the  program  is 
actually  the  same  as  that  shown  in  Figure  3»1.2.  For  fan-in  and  fan- 
out  restricted  networks,  subroutine  SUBSTI  calls  subroutine  MINI2  and 
this  will  be  repeated  until  there  is  no  further  improvement.   Therefore, 
in  the  case  of  fan-in  and  fan-out  restricted  networks,  after  subroutine 
SUBSTI  is  called  it  will  return  to  the  calling  subroutine. 

Since  the  procedure  in  subroutine  SUBSTI  can  transform  a 
network  only  by  trying  to  reduce  the  number  of  gates  and  connections, 
it  cannot  solve  any  fan-in  and  fan-out  problems  in  a  network.   Therefore, 
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the  input  network  to  this  program  must  satisfy  the  fan-in  and  fan-out 
restrictions.  The  procedure  only  transforms  the  network  such  that  the 
transformed  network  still  satisfies  the  fan -in  and  fan-out  restrictions. 
The  modification  of  the  program  is  more  or  less  the  same  as  that  in 
subroutine  GTMERG.  We  need  to  check  the  fan-in  and  fan-out  of  gates 
and/or  external  variables  before  transforming  the  network  in  such  a  way 
that  after  the  network  is  transformed,  it  satisfies  the  fan-in  and  fan- 
out  restrictions.   The  program  will  not  attempt  to  substitute  for  any 
gate  if  it  will  cause  a  fan-in  or  fan-out  problem  in  the  network. 
Thus,  if  the  fan-out  of  gate  I  to  be  substituted  for  equals  the  fan-out 
limit,  the  program  will  not  attempt  to  substitute  for  gate  I.   Other- 
wise the  fan-out  of  gates  and/or  external  variables  that  can  substitute  for 
gate  I  (gates  and/or  external  variables  in  SU(l))  will  exceed  the  fan- 
out  restrictions  after  substitution.   The  program  also  considers  the 
fan-in  of  gates  fed  by  gate  I  (immediate  successors  of  gate  i)  after 
substitution.   If  the  number  of  gates  and/or  external  variables  that  can 
substitute  for  gate  I  (gates  and/or  external  variables  in  SU(l))  exceeds 
the  fan-in  limit,  it  will  also  cause  the  fan-in  problem  after  substitution. 
This  is  the  basic  idea  in  modifying  the  program.  However  we  still  have 
to  consider  the  effectiveness  and  computation  time.   One  may  modify 
the  program  in  a  very  sophisticated  way  for  effectiveness  but,  in 
general,  such  a  program  needs  more  computation  time.   Therefore,  we  must 
consider  the  trade-off  between  the  complexity  for  effectiveness  and  the 
time  for  calculation.   Though  the  procedure  can  remove  some  gates  from  a 
network,  it  tends  to  create:   (l)  a  fan-out  problem  of  gates  or  external 
variables  that  are  to  be  substituted  for  a  particular  gate,  and  (2)  a 
fan-in  problem  of  the  gates  fed  by  this  particular  gate.   This  is  due 
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to  the  fact  that  the  procedure  tries  to  substitute  the  combined 
outputs  of  other  gates  and/or  external  variables  for  the  output  of 
one  particular  gate. 

In  the  following  section,  we  will  see  three  different  ways 
of  modifying  subroutine  SUBSTI  which  can  handle  fan-in  and  fan-out 
restricted  networks.  Each  of  them  has  different  advantages  and 
disadvantages  in  terms  of  the  effectiveness  and  the  computation  time. 
These  advantages  and  disadvantages  of  each  version  will  be  considered 
on  the  basis  of  the  experimental  results  in  section  3«^«   To  facilitate 
our  discussion  in  the  next  section,  let  us  introduce  the  definitions 
as  follows: 

SETOFJ  denotes  a  subset  of  SU(l).   It  has  to  satisfy  the 
following  necessary  and  sufficient  condition  for  substitution  for  gate: 

Vf(j)   eG  (I). 
J  e  SETOFJ 

As  can  be  easily  seen,  if 

Vf(j)   /G  (I) 
JeSU(l) 

SETOFJ  does  not  exist.  A  way  to  find  the  gates  and/ or  external  variables 
in  SETOFJ  is  as  follows: 

1.  Among  all  gates  and/ or  external  variables  in  SU(l), 
select  a  gate  or  an  external  variable  whose  output  function  covers  the 
largest  number  of  necessary-1's  in  G  (I). 

2.  Select  another  gate  or  external  variable  in  SU(l) 
whose  output  function  covers  the  largest  number  of  the  remaining 
necessary-1's.  Repeat  this  step  until  all  necessary-1's  in  Gc(l)  are 
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covered.      Then,    all  gates  and/or  external  variables  that  we  have 
selected  constitute  SETOFJ. 

This  method  is  almost  the  same  as  that  of  finding  SETOFK 
in  section  2.2.      To  illustrate  this,    let  us   consider  the   following. 
Example  3.2.1     Illustration  of  a  way  to  find  SETOFJ. 

i=123^5678 
G    (I)   =10       111*11 

f(j)  =  10111000 
f(K)  =  10001010 
f(L)  =  10001001 
f(M)      =      00000011 

Suppose   that  gate   I  is  under  consideration  for   substitution. 

(2) 
The  second  position,   where  GJ;      (i)   =   0,    is   the  only  necessary-0  in 

Gp(l).      Positions   1,    3,    k,    5>    1,    and  8  are  the  necessary-1's  in  which 

are  indicated  by  the  arrows  above  the  positions  as   shown  in  the  above 

table.     Now  suppose  that  gates  J,    K,    L,    and  M  have  the  output   functions 

as   shown  in  the  table.     We  can  see  immediately  that  gates  J,    K,    L,    and 

M  are  in   SU(l).      Since  f(j)  v  f(K)  V  f(L)  V  f(M)eGc(l),    SETOFJ  exists. 

To  determine  SETOFJ,    we  first  select  gate  J  because   f(j)   covers  the 

largest  number   of  the  necessary-1's  in  G   (i).     After  gate  J  is 

selected,    we   do  not  consider  positions  1,    3,    ht    and  5  again.     Next, 

gate  M  will  be  selected  because   f (M)   covers  the  largest  number  of  the 

remaining  necessary-1's    (positions  7  and  8),    and  all  necessary-1's   in 

Gp(l)  have  been  covered.      Therefore,    gates   J  and  M  are  in  SETOFJ.     We 

can  see  that   f(j)  v  f(M)  eG    (i).      It   shows  that  the  combined  outputs 

of  gates  J  and  M  can  be  substituted  for  gate   I.      In  this  way,    it  helps 
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to  solve  the  fan-in  problems  of  the  immediate  successors  of  gate  I, 
since  we  do  not  have  to  substitute  all  gates  and/or  external  variables 
in  SU(l)  for  gate  I.  Notice  that  SETOFJ  is  neither  an  irredundant 
nor  a  minimal  set. 

3.3  Variations  of  Modified  Subroutine  SUBSTI 

In  this  section  three  different  versions  of  the  modified 
subroutine  SUBSTI  are  discussed.   The  main  features  of  each  version  and 
the  differences  of  the  modification  in  each  version  are  considered  along 
with  flow  charts. 

Version  I:   The  modification  of  subroutine  SUBSTI  in  this 
version  is  simple.  It  is  more  or  less  the  same  as  that  in  version  I  of 
subroutine  GTMERG.   The  main  purpose  of  the  modification  is  to  reduce  the 
computation  time  of  the  program  by  removing  redundant  gates  quickly. 
This  is  done  by  checking  the  fan-in  and  fan-out  of  a  gate  under 
consideration  and  the  gates  and/or  external  variables  to  be  substituted 
for  that  gate  prior  to  the  substitution  in  order  to  make  sure  that  there 
will  be  no  fan-in  and  fan-out  problems  in  the  network  after  substitution. 
This  is  done  in  the  following  manner: 

Suppose  that  we  want  to  substitute  for  gate  I. 

1.  If  the  total  sum  of  the  fan-out  of  any  other  gate  or 
external  variable  and  the  fan-out  of  gate  I  is  greater  than  the  fan-out 
limit,  the  former  gate  or  external  variable  will  not  be  considered  as  a 
gate  or  an  external  variable  in  SU(l). 

2.  If  the  sum  of  the  number  of  gates  and/ or  external  variables 
to  be  substituted  for  gate  I  and  the  fan-in  of  any  immediate  successor 

of  gate  I  exceeds  the  fan -in  limit,  we  cannot  substitute  for  gate  I. 
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In  this  version,  the  number  of  gates  and/or  external  variables  to  be 
substituted  for  gate  I  is  the  number  of  gates  and/or  external  variables 
in  SETOFJ. 

These  two  conditions  will  be  checked  before  substituting  for 
any  gate  I.   They  have  to  guarantee  that  after  being  substituted  for 
gate  I,  the  fan-out  of  the  gate  or  external  variables  that  are 
connected  to  all  immediate  successors  of  gate  I  does  not  exceed  the 
fan-out  limit,  and  that  the  fan-in  of  all  immediate  successors  of 
gate  I  does  not  exceed  the  fan-in  limit. 

The  flow  chart  of  this  version  is  in  Figure  3*3 »1«   Most 
of  the  blocks  are  identical  to  the  original  flow  chart  in  Figure  3«1«3« 
Only  some  blocks  have  been  added  for  checking  fan-in  and  fan-out  of 
gates  or  external  variables.   The  modified  subroutine  SUBSTI  can  handle 
both  fan-in  and  fan-out  restricted  and  non-restricted  networks.   In 
the  case  that  the  network  does  not  have  the  fan-in  and  fan-out 
restrictions,  some  unnecessary  blocks  are  skipped  and  the  program 
becomes  the  same  as  the  original  one.  As  shown  in  blocks  9  and  20, 
the  program  tests  whether  or  not,  the  network  has  the  fan-in  and  fan- 
out  restrictions.   If  not,  some  blocks  will  be  skipped.  As  can  be  seen 
from  the  flow  chart  in  Figure  3«3«1,  in  the  case  of  the  fan-in  and  fan- 
out  restricted  network  the  program  does  not  return  to  subroutine  PROCIP 
after  substituting  for  any  gate.   Instead,  the  program  calls  subroutine 
SUBNET  to  update  a  network  configuration  and  calls  subroutine  MINI2 
to  recalculate  CSPF's  of  a  new  network  as  shown  in  blocks  25,  26  and 
27.   Then,  it  comes  back  to  the  beginning  of  the  program  in  order  to 
search  for  other  gates  for  substitution.   The  variable  "flag"  indicates 
the  improvement  in  the  network.  At  the  beginning  of  the  program, 
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"flag"  is  set  to  zero.  If  there  is  any  improvement  in  the  network, 
"flag"  is  set  to  1.  The  procedure  in  this  version  can  be  described 


based  on  the  flow  chart  in  Figure  3»3«1  as  follows: 
Step  1  Initialization  (blocks  1  and  2) 

Set  I  =  NM+1  and  flag  =  0. 
Step  2   (blocks  29  and  30 ) 

Increase  I  by  one  by  setting  1  =  1  +  1.   If  all  gates  are 
examined,  return  to  the  calling  subroutine. 
Step  3   (block  k) 

Determine  necessary-0's  and  necessary-1's  in  G  (i). 
Step  k      (blocks  5  and  6) 

This  step  finds  the  maximum  number  of  gates  and/or  external 
variables  in  SETOFJ  such  that  the  fan-in  of  all  immediate  successors 
of  gate  I  will  not  exceed  the  fan-in  limit  after  substitution. 

MAXA  denotes  the  variable  which  expresses  this  number.   If 
gate  K  which  is  an  immediate  successor  of  gate  I  has  the  largest  number 
of  inputs,  then 

MAXA.  =  FI  -  LIPEED(K)  +  1  . 

To  illustrate  the  importance  of  this  number,  let  us  consider 
the  example  in  Figure  3»3»2  where  the  maximum  fan -in  and  fan-out  equals  3* 

Among  all  immediate  successors  of  gate  I,  gate  K  has  the 
largest  number  of  inputs  (LIPRED(K) = 3)  as  shown  in  Figure  3.3.2(a). 
Therefore  MAXA  =  3-3  +  1=1.   It  implies  that  in  order  to  substitute 
for  gate  I,  the  number  of  gates  and/or  external  variables  in  SETOFJ  cannot 
exceed  1.   Otherwise,  after  substituting  for  gate  I,  the  fan-in  of  gate  K 
will  exceed  the  fan-in  limit.   Figure  3»3«2(b)  shows  the  resultant  network 
after  gate  J  is  substituted  for  gate  I. 
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Figure  3»3«2  Illustration  of  finding  MAXA 
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Step  5     (blocks  9-l6) 

In  this  step,  we  find  SU(l)  which  contains  gates  and/or 
external  variables  that  can  be  substituted  for  gate  I. 

In  block  10,  the  program  checks  the  fan-out  of  gates  and/or 
external  variables  that  can  be  substituted  for  gate  I  as  follows: 

(a)  For  J  which  is  an  output  gate.   If 

LISUCC(J)  +LISUCC(l)  >  F00, 

gate  J  is  not  considered  as  a  gate  in  SU(l). 

(b)  For  J  which  is  any  gate  other  than  output  gates.   If 

LISUCC(j)  +LISUCC(l)  >  F0, 

J  is  not  considered  as  a  gate  in  SU(l). 

(c)  For  J  which  is  an  external  variable.   If 

LISUCC(j)  +LISUCC(l)  >  FOX, 

J  is  not  considered  as  an  external  variable  in  SU(l). 

Gate  or  external  variable  J  can  be  a  gate  or  an  external 
variable  in  SU(l)  if  and  only  if  the  above  cases  and  the  following 
cases  hold.   (Blocks  11-15) 

(a)  JeS(l)   (block  11) 

(b)  f(j)  <  Gc.(l)   (blocks  Ik   and  15 ). 
Step  6   (block  19) 

Find  SETOFJ  as  explained  in  section  3*2. 
Step  7   (block  23) 

Cound  the  number  of  gates  and/or  external  variables  in  SETOFJ. 
If  the  sum  is  greater  than  MAXA  which  is  found  in  step  h,    the  program  will 
not  substitute  for  gate  I.   Go  to  step  2. 
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Step  8   (block  2*0 

Make  substitution  by  disconnecting  gate  I  from  the  network  and 
connecting  all  the  gates  and/or  external  variables  in  SETOFJ  to  all 
immediate  successors  of  gate  I.   The  resultant  network  still  realizes 
the  specified  function(s)  and  satisfies  the  fan-in  and  fan-out  • 
restrictions. 
Step  9  (blocks  25  and  26) 

Call  subroutine  SUBNET  to  update  the  information  on  the  new 
network  configuration. 
Step  10   (block  27) 

Calculate  the  CSPF's  of  the  new  network  by  calling  subroutine 
MINI2.   Set  flag  =  1  to  indicate  the  improvement.  Go  to  step  2  to 
search  for  other  gates  in  the  new  network  to  be  substituted  for. 

Version  II.  This  version  is  different  from  version  I  in  such 
a  way  that  the  conditions  used  for  checking  the  fan-in  and  fan-out  are 
not  sufficient  to  guarantee  that  the  network  after  substitution  will 
satisfy  the  fan-in  and  fan-out  restrictions.   The  procedure  in  this 
version  allows  some  gates  and/or  external  variables  whose  fan-out  exceeds 
the  fan-out  limit  to  substitute  for  gate  I  under  a  certain  condition. 
After  substituting  for  any  gate  I,  subroutine  MINI2  is  called  with  the 
hope  that  some  redundant  connections  may  be  removed,  helping  to  solve 
the  fan -in  and  fan-out  problems  of  some  gates  or  external  variables. 
The  conditions  used  in  this  version  to  check  the  fan-in  and  fan-out  of 
gates  and/or  external  variables  before  being  substituted  for  gate  I  are 
as  follows : 

1.  Among  all  gates  and/or  external  variables  that  can  be 
substituted  for  gate  I  (gates  or  external  variables  in  SU(l)),  the 
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program  does  not  check  the  fan-out  of  gates  or  external  variables  which 
are  the  predecessors  of  gate  I.  If  the  fan-out  of  each  other  gate  or 
external  variable  equals  the  maximum  fan-out  limit,  it  is  not  selected 
as  a  gate  or  an  external  variable  in  SU(l). 

2.  The  program  does  not  check  the  number  of  gates  and/ or 
external  variables  that  can  be  substituted  for  gate  I.  This  is  the 
number  of  gates  and/or  external  variables  in  SETOFJ. 

The  above  two  conditions  are  not  sufficient  to  guarantee  that, 
after  substituting  for  any  gate,  the  network  will  satisfy  the  fan-in 
and  fan-out  restrictions.   Therefore,  after  substituting  for  any  gate, 
we  have  to  check  the  fan-out  of  gates  or  external  variables  connected  to 
the  immediate  successors  of  gate  I  (due  to  the  insufficiency  of 
condition  l)  and  the  fan-in  of  all  immediate  successors  of  gate  I  (due 
to  the  insufficiency  of  condition  2).   This  requires  the  program  to 
store  all  the  information  on  the  network  before  substitution  (e.g.,  the 
network  configuration  and  the  CSPF's).   If  there  is  any  fan-in  or  fan- 
out  problem  after  substitution,  all  this  information  must  be  restored  in 
order  to  get  back  to  the  original  network  before  substitution. 

The  reason  why  the  program  does  not  check  the  fan-out  of  each 
gate  or  external  variable  that  is  a  predecessor  of  gate  I  is  that,  after 
substituting  for  gate  I,  the  CSPF's  of  gates  or  external  variables  which 
are  predecessors  of  gate  I  may  change  and  result  in  removing  some 
connections  (see  [1]  and  [2]).   This  sometimes  helps  to  reduce  the 
fan-out  of  some  gates.   Let  us  consider  the  example  in  Figure  3»3»3> 
where  the  maximum  fan-in  and  fan-out  is  three. 

As  can  be  easily  seen,  gate  J  can  be  substituted  for  gate  I. 
But  the  total  sum  of  the  fan-out  of  gates  I  and  J  is  four  exceeding  the 
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(b)  Network  after  substitution 


Figure  3.3.3  Example  to  show  how  the  fan- 
out  of  a  gate  which  is 
substituted  for  gate  I  can 
be  reduced 


TO 

limit  as  shown  in  Figure  3»3»3(a)«  However,  after  we  substitute  gate  J 
for  gate  I,  gate  K  can  also  be  removed  from  the  network  as  shown  in 
Figure  3.3«3(b).  This  reduces  the  fan-out  of  gate  J  to  three  which 
satisfies  the  restriction. 

In  condition  2,  the  program  does  not  check  the  number  of 
gates  and/or  external  variables  in  SETOFJ  before  substituting  for  any 
gate  I,  because  after  substitution,  subroutine  MINI2  can  sometimes 
remove  some  redundant  input  connections  of  some  immediate  successors 
of  gate  I  (see  [2]  and  [k-]   for  a  detailed  discussion  of  the  procedure 
in  subroutine  MIWI2).   This  reduces  the  number  of  the  fan-in  of 
immediate  successors  of  gate  I. 

The  flow  chart  of  version  II  of  the  modified  subroutine  SUBSTI 
is  shown  in  Figure  3»3»^»   The  procedure  in  this  version  can  be  described 
in  the  following  steps. 
Step  I  (blocks  1  and  2) 

Set  I  =  HM+.l  and  flag  =  0. 
Step  2   (blocks  31  and  32) 

Increase  I  by  one.   If  I  is  greater  than  HE,  return  to  the 
calling  subroutine. 
Step  3  (block  k) 

Determine  necessary-1's  and  necessary-0's  in  CL,(l). 
Step  k      (blocks  8-15) 

Find  SU(l)  and  check  the  fan-out  of  gates  and/or  external 
variables  in  SU(l)  as  follows: 

In  block  8,  if  gate  or  external  variable  J  is  a  predecessor 
of  gate  I,  the  program  does  not  check  the  fan-out  of  gate  or  external 
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Figure  3«3«^  Flow  chart  of  Version  II  of 
modified  subroutine  SUBSTI 
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variable  J.  Otherwise  the  program  goes  to  block  9  and  the  fan-out 
of  gate  J  is  checked  as  follows : 

(a)  For  J  which  is  an  output  gate.   If 

LISUCC(J)  >  F00, 

gate  J  is  not  considered. 

(b)  For  J  which  is  not  an  output  gate.   If 

LISUCC(J)  >  FO, 

gate  J  is  not  considered. 

(c)  For  J  which  is  an  external  variable.   If 

LISUCC(J)  >  FOX, 

external  variable  J  is  not  considered. 

Gate  or  external  variable  J  can  be  a  gate  or  an  external 
variable  in  SU(l)  if  and  only  if  the  above  cases  and  the  following 
cases  hold. 

a)  J/S(l) 

b)  f(j)  <GC(I) 
Step  5      (block  18) 

Find  SETOFJ  as  explained  in  section  3*2. 
Step  6   (block  22) 

In  this  step,  we  have  to  store  all  information  on  the  original 
network  before  substitution.  We  set  up  two  arrays  called  "Q"  and 
"TEMP".   The  information  on  the  network  configuration  is  stored  in 
array  "TEMP"  and  the  CSPF's  of  the  original  network  are  stored  in  array 
"Q".   This  step  is  the  same  as  step  11  in  version  II  of  subroutine 
GTMERG . 
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Step  7  (block  23) 

Make  substitution  by  disconnecting  gate  I  from  the  network 
and  connecting  all  gates  and/or  external  variables  in  SETOFJ  to  all 
immediate  successors  of  gate  I.   The  resultant  network  still  realizes 
the  specified  output  function(s)  but  it  is  not  necessary  to  satisfy 
the  fan-in  and  fan-out  restrictions. 
Step  8  (blocks  2h   and  25) 

Update  the  network  configuration  of  the  new  network  by 
calling  subroutine  SUBNET. 
Step  9   (block  26) 

Call  subroutine  MINI2  to  recalculate  the  CSPF's  of  the  new 
network.   During  this  step  some  redundant  connections  may  be  removed. 
Step  10  (block  27) 

In  this  step,  the  program  checks  the  fan-out  of  all  gates 
and/or  external  variables  in  SETOFJ  and  checks  the  fan-in  of  all 
immediate  successors  of  gate  I.   If  there  is  any  fan-in  or  fan-out 
problem,  go  to  step  11.  Otherwise  the  program  goes  to  step  1  and  the 
procedure  will  be  repeated  again  for  the  new  network. 
Step  11  (block  28) 

Since  there  is  either  a  fan-in  or  fan-out  problem  in  the 
new  network,  the  program  has  to  go  back  to  the  original  network  before 
substitution.   This  can  be  done  by  setting 

INC$MX  =  TEMP 
GSMALL  =  Q 

In  order  to  get  all  the  lists  of  successors  and  predecessors 
and  detailed  information  on  the  network  configuration,  subroutine  SUBNET 
is  called  in  block  29.   Go  to  step  2  to  examine  a  next  gate. 
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Version  III.   This  version  is  very  similar  to  version  II. 
The  procedure  in  this  version  checks  the  fan-in  and  fan-out  of  gates 
or  external  variables  "before  substitution  in  the  same  way  as  in 
version  II.   The  only  difference  is  that  in  this  version,  instead  of 
substituting  gates  and/or  external  variables  in  SETOFJ  for  gate  I, 
it  substitutes  gates  and/or  external  variables  in  SU(l)  for  gate  I. 
The  effectiveness  of  this  version  mainly  depends  on  the  power  of 
pruning  procedure  in  subroutine  MTNI2.   In  most  cases,  this  version 
after  substituting  for  any  gate  I,  gives  the  resultant  network  that 
has  a  different  set  of  gates  connected  to  each  immediate  successor 
of  gate  I.   This  is  because  SU(l)  may  contain  some  redundant  gates  and 
connections.  After  substitution,  subroutine  MHTI2  may  remove  some 
redundant  inputs  of  some  immediate  successors  of  gate  I.   This 
sometimes  helps  to  solve  fan-in  and  fan-out  problems  after  substitution. 

The  flow  chart  of  this  version  is  given  in  Figure  5«3«5« 
Most  of  the  blocks  are  the  same  as  those  in  version  II.   The  differences 
are  only  in  steps  5  and  7  as  follows. 

a)  The  program  does  not  have  to  find  SETOFJ  and  step  5 
in  version  II  can  be  skipped. 

b)  In  step  7?  the  program  just  disconnects  gate  I  from  the 
network  and  connects  gates  and/ or  external  variables  in  SU(l)  to 

all  immediate  successors  of  gate  I. 

3.^4-  Evaluation  and  Experimental  Results  of  the  Three  Versions  of 
Modified  Subroutine  SUBSTI  ~  

In  this  section,  we  evaluate  the  effectiveness  and  the 

efficiency  of  these  three  versions  by  running  some  examples  of  fan-in 

and  fan-out  restricted  networks.   The  resultant  networks  will  be 
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Figure  3.5.5  Flow  chart  of  Version  III  of 
modified  subroutine  SUBSTI 
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discussed  here  in  terms  of  cost  (number  of  gates,  first,  and  the 
number  of  connections,  second)  and  computation  time  in  the  same  way 
as  they  have  been  discussed  in  section  2.k.      Finally,  the  best  version 
will  be  chosen  after  going  through  the  experimental  results. 

The  organization  of  the  program  that  was  used  to  run  the 
experiment  is  shown  in  Figure  J).h.\.      It  is  almost  the  same  as  that 
given  in  Figure  2.4.1,  except  that  subroutine  GTMERG  is  replaced  by 
subroutines  PROCIP  and  SUBSTI.   It  also  has  three  additional 
subroutines:   NOPNET,  PROCIP  and  FIFO.   The  action  of  the  program 
is  the  same  as  that  explained  in  section  2.k   except  that,  after  FIFO 
Is  called  to  solve  the  fan-in  and  fan-out  problems  in  a  network, 
subroutine  PROCIP  and  SUBSTI  are  called  to  transform  the  network. 
Since  we  only  want  to  compare  the  resultant  networks  derived  by 
different  versions,  the  iteration  of  the  program  in  Figure  J.k.l   is 
not  necessary  (see  the  next  chapter  for  the  iteration  of  the  program). 

The  experiment  was  performed  on  IBM  360/75-  We  used  the 
same  forty- five  examples  as  those  in  section  2.4  with  the  maximum  fan- 
in  and  fan-out  of  three.   Table  J.k-.l   shows  the  results  of  the 
experiments.   The  cost  of  the  network  is  defined  as  (lOOxR)  +  C, 
where  R  is  the  number  of  gates  and  C  is  the  number  of  connections. 
The  first  column  labeled  "initial  network  cost"  is  the  cost  of 
networks  obtained  by  FIFO.  Each  column  from  the  second  to  the  fourth 
has  two  sub-columns  which  show  the  computation  time  in  centiseconds 
and  the  costs  of  the  resultant  networks  derived  by  each  version, 
respectively.   The  computation  time  in  this  table  is  the  time  used 
in  modified  subroutine  SUBSTI  only. 
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The  results  in  Table  J.k.l   are  summarized  in  Table  3.'+. 2. 
The  first  column  shows  the  average  computation  time  per  function.  In 
the  second  column,  the  number  of  the  lowest  cost  networks  derived  by- 
each  version  is  obtained  by  counting  the  number  of  networks  with  the 
lowest  cost  among  the  three  versions.  The  cost  of  the  network  in  this 
table  mainly  means  the  number  of  gates.   The  third  column,  the  number 
of  networks  with  an  equal  cost  but  less  computation  time  is  obtained 
by  counting  the  number  of  the  networks  which  have  as  low  a  cost  as  the 
networks  derived  by  the  other  versions  but  take  less  computation  time. 
For  example,  for  function  16  in  Table  J.k.l,    all  three  versions  derive 
networks  with  the  same  cost  of  1631,  but  the  computation  time  of 
version  I  is  less  than  the  other  two  versions.   Therefore,  it  is 
counted  as  one  of  the  15  functions  listed  in  the  third  column  for 
version  I.   The  computation  time  in  the  experiment  is  obtained  from 
timing  subroutines  STIMEZ  and  KTIMEZ. 

From  Table  3.k.2,   we  can  conclude  that  version  I  is  more 
efficient  and  effective  than  the  other  two  versions.   This  is  because 
it  derives  networks  with  less  average  computation  time  as  shown  in 
Table  3 *h.2.      Even  though  it  can  derive  only  one  network  with  the 
lowest  cost,  it  can  derive  15  networks  which  have  as  low  a  cost  as 
those  derived  by  the  other  two  versions  yet  requires  less  computation 
time.   This  means  that  among  forty-five  functions,  version  I  derives 
16  networks  with  the  lowest  cost  and  less  computation  time  while 
version  II  can  do  this  for  only  2  networks,  and  version  III  for  only 
Ik   networks.   It  can  be  concluded  that  even  though  we  have  a 
sophisticated  modified  program,  this  does  not  necessarily  mean  that 
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Table  5-^-2  A  measure  of  the  efficiency 
and  effectiveness  of  the  3 
versions  of  modified  subroutine 
SUBSTI 


Average  time 
per  function 
in  centisecs 

No.  of  lowest 
cost  networks 
derived  by  each 
version 

No.  of  networks  with 
equal  cost,  but  less 
time,  derived  by 
each  version 

Version  I 

lIj-0.2 

1 

15 

Version  II 

793.1 

2 

NONE 

Version  III 

Qlk.-J 

Ik 

NONE 

82 


the  program  works  efficiently.   Instead,  the  program  usually 
requires  more  computation  time  (the  average  computation  time  of 
versions  II  and  III  is  almost  six  times  more  than  in  version  I). 
On  the  other  hand,  if  we  use  the  simple  modification,  less 
computation  time  is  generally  required  and  the  resultant  networks 
are  reasonably  good  as  discussed  in  version  I.  In  the  next  chapter, 
we  will  have  more  experimental  results  for  version  I  of  modified 
subroutine  SUBSTI. 
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k.      EXPERIMENTAL  RESULTS 

In  this  chapter,  more  experimental  results  of  programs 
NETTRA-G3-FIF0  and  NETTRA-PGl-FIFO  are  given.   The  purpose  of  the 
experiment  is  to  compare  the  effectiveness  of  these  two  programs. 
The  experiment  used  version  II  of  modified  subroutine  GTMERG  and 
version  I  of  modified  subroutine  SUBSTI  which  are  the  best  versions 
of  these  two  subroutines  as  discussed  in  sections  2.U  and  J>.h, 
respectively. 

Section  ^.1  provides  the  detail  of  the  programs  that  were 
used  to  run  the  experiment.   The  results  of  the  experiment  are  given 
in  section  k.2.      Section  k.3   offers  some  comparison  and  conclusion  of 
the  effectiveness  of  these  two  programs.   In  addition,  section  k.k 
discusses  the  capability  of  the  two  programs  to  handle  networks  which 
have  incompletely  specified  output  function(s). 

k.l     Outline  of  the  Programs  Used  in  Running  the  Experiment 

The  organization  of  the  programs  that  were  used  in  running 
the  experiment  in  this  section  is  close  to  the  actual  system  that  we 
use  in  designing  NOR -gate  networks.   The  organization  of  the  programs 
that  were  used  to  run  the  experiment  in  this  section  for 
NETTRA-PG1-FIF0  and  NETTRA-G3-FIF0  is  given  in  Figures  i+.l.l(a)  and 
(b),  respectively.   The  figures  show  the  order  of  the  subroutines 
which  are  called  by  subroutine  MAIN.   Subroutine  SUBSTI  is  version  I 
of  the  modified  subroutine  and  subroutine  GTMERG  is  version  II  of  the 
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Figure  ^-.1.1  (a)  The  organization  of  the  program 
that  was  used  to  run  the  experiments 
for  NETTRA-PG1-FIF0.   (b)  The 
organization  of  the  program  that 
was  used  to  run  the  experiments  for 
NETTRA-G3-FIF0 
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modified  subroutine.   Subroutines  NORNET,  PROCIP  and  FIFO  are  the 
same  as  those  given  in  sections  2.4  and  3«4.   The  programs  in 
Figure  4.1.1(a)  and  Figure  4.1.1(b)  are  different  from  those  given 
in  Figures  2.4.1  and  3-4.1  in  that  they  have  loops  in  Figures  4.1.1(a) 
and  (b).   Some  subroutines  are  called  several  times  in  order  to  repeat 
the  procedures  until  there  is  no  further  improvement.   This  helps 
to  reduce  the  cost  of  network  in  each  subroutine.   For  the  sake  of 
simplicity,  from  this  point  the  programs  in  Figure  4.1.1(a)  and  (b) 
will  henceforth  be  referred  to  as  NETTRA-PG1-FIF0  and  NETTRA-GJ-FIFO, 
respectively. 

The  loops  in  Figure  4.1.1  marked  with  a  single  asterisk  (*) 
are  followed  until  there  is  no  further  reduction  in  the  cost  of 
network.   Thus,  for  example,  subroutine  SUBSTI  is  called  by  subroutine 
PROCIP  until  it  cannot  further  reduce  the  cost  of  the  network,  and 
subroutine  GTMERG  loops  itself  until  there  is  no  further  cost  reduction. 
The  loops  marked  with  two  asterisks  (**)  are  followed  with  a  minimum  of 
five  iterations.   If  the  cost  of  the  network  continues  to  decrease 
even  after  five  iterations,  the  loop  is  continued  until  there  is  no 
further  reduction  in  the  cost  of  the  network.   Thus,  the  action  of 
the  programs  in  Figure  4.1.1  can  be  summarized  as  follows:  NORNET  is 
called  to  provide  an  initial  network.   PROCII  is  called  repeatedly 
until  there  is  no  further  improvement  in  the  network  cost.   FIFO  is 
called  to  solve  the  fan-in  and  fan-out  problems  in  the  network  and 
gives  the  resultant  network  which  satisfies  the  fan-in  and  fan-out 
restrictions.   Then  subroutine  SUBSTI  in  NETTRA-PG1-FIF0  or  subroutine 
GTMERG  in  NETTRA-GJ-FIFO  is  called  repeatedly  to  reduce  the  cost  of 
the  network  while  maintaining  the  fan-in  and  fan-out  restrictions. 
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k.,2     Results  of  the  Computer  Experiment 

Thirty  ^-variable  functions  and  thirty  5-variable  functions 
using  several  different  combinations  of  fan-in  and  fan-out  restricted 
values  were  used  as  examples  in  the  experiment.  All  subroutines  were 
compiled  using  the  FOTRAN-IV  compiler  level  21.7,  opt  =  2.   Tables  ^.2.1 
through  k.2.k   give  the  results  of  the  experiment.   In  each  table,  the 
column  entitled  "FUNCTION  (HEXADECIMAL)"  gives  the  hexadecimal 
representation  of  the  truth  of  each  function;  for  example, 
lj-AFl  =  0100  1010  1111  0001.   The  cost  of  the  initial  network  (universal 
network)  derived  by  N0RNET  for  each  function  is  given  in  the  column 
labelled  "ORIGINAL  NETWORK  (NORNET)".   In  all  these  tables,  the  cost 
is  defined  as  (l000xR)+C  where  R  is  the  number  of  gates  and  C  is 
the  number  of  connections.   For  example,  a  network  with  33  gates  and  79 
connections  has  a  cost  of  33079-   The  columns  labelled  "NETTRA-PG1-FIF0" 
and  "NETTRA-G3-FIF0"  consist  of  three  subcolumns.   Subcolumn  "FIFO" 
lists,  for  each  function,  the  lowest  cost  networks  derived  by  FIFO  in 
NETTRA-PG1-FIF0  and  NETTRA-PG1-FIF0.   Subcolumn  "SUBSTI"  lists,  for 
each  function,  the  lowest  cost  networks  derived  by  subroutine  SUBSTI  in 
NETTRA-PG1-FIF0.   Similarly,  subcolumn  "GTMERG"  lists,  for  each 
function,  the  lowest  cost  networks  derived  by  subroutine  GTMERG  in 
NETTRA-G3-FIF0.   Subcolumn  "ITER"  gives  the  number  of  iterations 
required  (number  of  loops  marked  with  two  asterisks)  in  order  to  obtain 
the  lowest  cost  networks.   The  costs  in  the  column  labelled  "FIFO  ALONE" 
are  the  lowest  cost  networks  obtained  by  the  program  FIFO  ALONE.   The 
flow  chart  of  the  program  FIFO  ALONE  is  given  in  Figure  U.2.1.  The 
single  asterisk  (*)  and  double  asterisk  (*-*)  have  the  same  meanings  as 
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in  Figure  U.l.l.  All  the  networks  in  column  "FIFO  ALONE"  satisfy 
the  specified  fan-in  and  fan-out  restrictions. 

From  Tables  if .2. 1  through  k.2.k,    a  general  observation 
can  be  made  as  follows.   The  networks  derived  by  subroutines  SUBSTI 
and  GTMERG  generally  contain  considerably  fewer  gates  than  the 
networks  listed  under  "FIFO".   The  networks  listed  under  "FIFO" 
generally  contain  fewer  gates  than  the  networks  listed  under  "FIFO 
ALONE".   Moreover,  the  number  of  iterations  to  obtain  the  lowest  cost 
networks  generally  is  less  than  five.   Some  lowest  cost  networks  can 
be  obtained  at  the  first  iteration  and  there  are  few  functions  that 
require  more  than  five  iterations.   This  general  observation  gives 
support  to  the  effectiveness  of  the  program  in  reducing  the  cost  of 
the  network  of  subroutines  SUBSTI  and  GTMERG  while  maintaining  the  fan- 
in  and  fan-out  restrictions.   In  addition,  the  costs  of  the  networks 
derived  by  subroutine  GTMERG  generally  are  lower  than  those  derived 
by  subroutine  SUBSTI. 

k. 3     Comparison  and  Conclusion 

In  this  section,  a  comparison  of  the  effectiveness  of  programs 
NETTRA-PG1-FIF0  and  NETTRA-GJ-FIFO  is  made  in  terms  of  cost  and 
computation  time.   The  conclusion  arrived  at  after  comparing  the 
procedures  in  the  two  programs  to  transform  the  fan-in  and  fan-out 
restricted  networks  is  also  discussed. 

Table  h-.J.l   shows  the  comparison  of  the  effectiveness  of 
these  two  programs.   The  table  summarizes  the  results  of  the  experiment 
given  in  the  previous  section.   In  Table  k.J.l,    the  average  time  is 
the  total  average  time  used  in  deriving  each  network  in  seconds.  All 
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time  values  are  printed  by  the  programs  and  they  are  measured  by 
system-provided  timing  routines.   The  number  of  the  lowest  cost 
networks  is  the  number  of  the  networks  derived  by  one  program  with  a 
lower  cost  than  the  other.   Table  k.^.l   shows,  for  example,  that 
among  thirty  U-variable  functions  with  FI  =  FO  =  FOX  =  F00  =  2, 
NETTRA-FG1-FIF0  can  derive  2  networks  with  a  lower  cost  than  those 
derived  by  NETTEA-G3-FIF0;  and  NETTRA-G3-FIF0  can  derive  15  networks 
with  a  lower  cost  than  those  derived  by  NETTPA-PG1-FIF0.   For  the 
other  13  functions,  both  of  them  derive  the  networks  with  the  same 
cost.   The  average  number  of  iterations  is  the  average  number  of 
iterations  required  to  obtain  the  lowest  cost  network. 

From  Table  k.3.1,    it  is  seen  that  NETTRA-G3-FIF0  requires 
slightly  more  average  computation  time  than  NETTEA-PG1-FIF0  for  all 
specifications  of  the  fan-in  and  fan-out  restrictions.  Another 
interesting  result  is  the  number  of  the  networks  with  the  lowest  cost. 
In  the  case  that  the  fan-in  and  fan-out  of  the  networks  are  more 
restricted  (fewer  number  of  fan-in  and  fan-out  of  gates  and  external 
variables  is  allowed),  KETTRA-G3-FIF0  is  more  powerful  than  KETTRA- 
PG1-FIF0.   For  example,  for  ^-variable  functions  with  FI  =  FO  =  F00  =  FOX  =  2, 
EETTRA-G3-FIF0  can  derive  15  networks  with  a  lower  cost  than  those 
derived  by  NETIRA-PG1-FIF0 .  And  for  5-variable  functions  with 
FI  =  FO  =  F00  =  FOX  =  3*  it  can  derive  20  networks  with  a  lower  cost  than 
those  derived  by  NETTRA-PGl-FIFO  (see  Table  k.J.l).      In  the  case  that 
the  fan-in  and  fan-out  are  less  restricted  (greater  fan-in  and  fan-out 
of  gates  and  external  variables  is  allowed),  such  as  if-variable  functions 
with  FI  =  FO  =  FOX  =  FOO  =  3  and  5-variable  functions  with  FI  =  FO  =  FOX  =  F00  =  k, 
both  of  the  programs  can  derive  almost  the  same  number  of  the  networks 
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with  the  lowest  cost.   This  shows  the  greater  effectiveness  of 
NETTRA-G3-FIF0  over  NETTRA-PG1-FIF0  in  the  derivation  of  more 
restricted  networks.  Additional  support  for  NETTRA.-G3-FIF0  is  that 
the  average  number  of  iterations  is  less  than  that  for  NETTPA-PG1- 
FIFO.   A  major  reason  why  NETTFA-G3-FIF0  is  more  effective  than 
NETTRA-PG1-FIF0  is  that  in  the  "merging  of  gates"  procedure,  the 
output  gates  sometimes  can  also  be  merged  to  other  non-output  gates. 
In  most  such  cases,  some  successors  of  a  non-output  gate  can  be 
removed  after  merging,  whereas  in  the  "substitution  of  gates"  procedure 
we  cannot  substitute  for  an  output  gate.  Another  reason  is  that  the 
"substitution  of  gates"  procedure  tends  to  create  the  fan-out  problems 
of  the  gates  and/or  the  external  variables  that  are  substituted  for 
any  particular  gate,  due  to  the  large  number  of  immediate  successors 
of  that  particular  gate.   The  procedure  also  creates  the  fan -in 
problems  of  the  immediate  successors  of  the  gate  to  he  substituted  for, 
because  the  combined  outputs  of  the  other  gates  and/or  external  variables 
are  substituted  for  only  one  input  of  these  immediate  successors.   We 
have  a  different  situation  with  the  "merging  of  gates"  procedure  because 
all  the  original  inputs  of  the  mergeable  gates  are  first  removed  and  a 
new  set  of  gates  and/or  external  variables  are  connected  to  the  merged 
gate.   In  most  cases,  after  merging  any  two  gates,  gates  which  are 
connected  between  the  two  mergeable  gates  can  also  be  removed.   This 
helps  to  reduce  the  cost  of  the  network  very  quickly  while  keeping  the 
number  of  levels  of  the  network  down.   However,  when  initial  networks 
are  far  from  optimal,  NETTBA-PG1-FIF0  seems  to  work  very  well  but  when 
initial  networks  are  nearly  optimal,  it  does  not  improve  them  well. 
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On  the  other  hand,  NETTRA-G3-FIF0  seems  to  work  well  when  initial 
networks  are  nearly  optimal  and  also  when  initial  networks  are  far 
from  optimal. 

In  any  case,  the  given  results  indicate  that  the  modified 
programs  NETTEA-PG1-FIF0  and  NETTEA-G3-FIF0  are  the  effective 
programs  for  synthesizing  the  fan-in  and  fan-out  restricted  networks 
within  a  reasonably  short  computation  time.   In  general  NETTEA-G3-FIF0 
appears  to  he  somewhat  more  effective  than  NETTEA-PG1-FIF0  even  though 
it  requires  more  computation  time. 

k.k     Networks  for  Functions  with  Don't  Care 

An  advantage  of  the  network  transduction  procedures  in 
NETTRA-PG1-FIF0  and  NET TEA -G3 -FIFO  is  that  they  are  capable  of  designing 
networks  for  incompletely  specified  output  function(s).   This  is  because 
the  concept  of  compatible  set  of  permissible  functions  on  which  the 
procedures  are  based  on  can  easily  handle  incompletely  specified 
function(s).   Once  the  CSPF's  of  all  gates  and  external  variables  are 
calculated  for  incompletely  specified  output  function(s)  [1],  the  rest 
of  the  procedure  is  the  same  as  the  case  of  completely  specified 
output  function(s).   In  this  section,  some  experimental  results  on 
incompletely  specified  output  networks  under  fan-in  and  fan-out 
restrictions  are  described.   The  programs  that  were  used  in  running 
the  experiment  for  NETTEA-PG1-FIF0  and  NETTBA-G3-FIF0  in  this  section 
are  the  same  as  those  in  Figure  lj-.3«l«   However,  we  have  to  add  the 
array  "OUTSAV"  to  the  programs  in  order  to  store  the  incompletely 
specified  output  function(s). 
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Su  and  Nam  [6  ]  presented,  an  algorithm  to  synthesize 
multiple  output  networks  using  NAND  gates  under  fan-in  and  fan-out 
restrictions.   An  example  of  4-variable,  4-output  functions  with 
FI  =  F0  =  FOX  =  2  and  F00  =  0  was  used  in  their  experiment.   Their 
resultant  network  has  the  cost  of  250*4-2  with  the  maximum  number  of 
levels  of  6,  assuming  that  complemented  and  non- complemented  external 
variables  are  available  as  the  network  inputs.   This  network  is  given 
in  Figure  k.k.1*     We  used  the  same  functions  to  test  the  programs 
NETTRA-PG1-FIF0  and  NETTRA-G3-FIF0.   Since  both  programs  synthesize 
NOR -gate  networks,  we  have  to  use  the  dual  functions  of  Su  and  Nam's 
functions  as  given  in  Table  k.k.l.      That  is,  NETTRA-PG1-FIF0  and 
NETTRA-G3-FIF0  were  used  to  synthesize  a  NOR-gate  network,  realizing 
the  functions  given  by  the  NOR-truth  table.   By  simply  changing  NOR 
gates  to  NAND  gates,  a  NAND-gate  network  realizing  NAND  truth  table 
(Su  and  Nam's  functions)  will  be  obtained. 

The  results  of  using  Su  and  Nam's  functions  as  an  input  to 
NETTRA-PG1-FIF0  and  NETTRA-G3-FIF0  are  shown  in  Table  k.k.2   with 
different  specifications  of  FI,  F0,  FOX,  and  F00.   Table  k.k.2   shows 
computation  time  (in  seconds),  costs,  and  number  of  levels  of  the 
resultant  networks.   Since  Su  and  Nam's  resultant  network  has  the 
specification  of  FI =  F0 =  FOX = 2  and  F00 =  0,  it  is  suitable  to  compare 
Su  and  Nam's  resultant  network  with  the  networks  derived  by  NETTRA-PG1- 
FIFO  and  NETTRA-G3-FIF0  under  the  same  specification  as  shown  in  the 
first  row  of  Table  k.k.2.      The  resultant  network  derived  by  NETTRA- 
PG1-FIF0  has  the  cost  of  22037  with  the  maximum  number  of  levels  of  7 
as  shown  in  Figure  k.k.2.      The  resultant  network  derived  by  NETTRA-G3- 
FIFO  has  the  cost  of  20033  with  the  maximum  number  of  levels  of  8  as 
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Table  4.4.1  Su  and  Nam's  4-variable,  4 -incompletely 
specified  output  functions  and  the  dual 
of  the  functions 


OUTPUT 
FUNCTIONS 

NOR   TRUTH   TABLE 

NAND  TRUTH  TABLE 
(Su  and  Nam's) 

zi 

Z2 
Z3 

h 

000*1*1101*11111 
011*1*1100110000 
001*1*00001**000 
001*1*0101111111 

00000*0100*0*111 
1111001100*0*001 
111**0 1111*0*011 
0000000101*0*011 

Table  4.4.2     Results   of  networks   derived  by 

NETTRA-PG1-FIF0  and  NETTRA-G3-FIF0 

for  Su  and  Nam's  incompletely  specified 

functions 


SPECIFICATION 
(FI,F0,F0X,F00) 

NETTRA-PG1-FIF0 

NETTRA-G3-FIF0 

COST 

NO.    OF 
LEVELS 

TIME 
(SEC.) 

COST 

NO.    OF 
LEVELS 

TIME 
(SEC.) 

(2,2,2,0) 

22037 

7 

44.72 

20033 

8 

54.81 

(2,2,2,1) 

22037 

13 

31.54 

23038 

10 

34.15 

(2,2,2,2) 

20033 

10 

29.28 

18032 

10 

20.24 
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shown  in  Figure  k.k.J.      The  network  obtained  from  NETTRA.-FG1-FIF0 
has  3  gates  fewer  than  Su  and  Nam's  network  but  only  one  level  more. 
The  network  obtained  from  NETTRA-GJ5-FIF0  has  5  gates  fewer  than  Su  and 
Nam's  network  but  requires  two  more  levels.   These  results  further 
establish  the  effectiveness  of  the  two  programs  in  deriving 
incompletely  specified  output  networks  with  fan-in  and  fan-out 
restrictions. 

The  other  approach  to  deal  with  the  incompletely  specified 
output  networks  is  to  specify  1  or  0  to  each  "don't  care"  so  that  the 
output  function(s)  comes  to  be  completely  specified.  An  experiment 
using  this  completion  approach  was  also  carried  out.  NETTRA-PG1-FIF0 
and  NETTRA-G3-FIF0  were  used  to  obtain  the  networks  for  nine  different 
completions  of  Su  and  Nam's  incompletely  specified  functions  by 
specifying  different  combinations  of  values  (l  or  0)  to  those  "don't 
cares".   The  nine  different  completions  of  Su  and  Nam's  function  and 
the  results  of  the  experiment  with  FI  =  F0  =  FOX  =  2  and  F00  =  0  are  given 
in  Table  k.k.3*     All  the  costs  of  the  resultant  networks  are  less  than 
250*4-2,  which  is  the  cost  of  Su  and  Nam's  network.   It  is  interesting 
to  note  that  the  computation  time  for  a  multiple-output  network  is 
considerably  longer  than  a  single-output  network.   This  is  because  the 
former,  in  general,  requires  more  gates  and  connections  than  the  latter. 

The  results  in  this  section  along  with  the  results  presented 
in  previous  sections  firmly  establish  the  effectiveness  of  NETTRA.-PG1- 
FIFO  and  NETTKA-G3-FIF0.   The  procedures  in  these  two  programs  use  a 
reasonably  short  computation  time  and  produce  the  networks  with  reasonably 
low  cost  (costs  are  definitely  lower  than  those  produced  by  other  known 
methods  but  we  do  not  know  how  close  the  costs  are  to  the  minimum,  since 
we  have  no  other  means  to  find  optimal  networks  which  have  many  gates). 
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